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ABSTRACT

The role of major mergers in galaxy and black hole formation is not well-constrained. To help address
this, we develop an automated method to identify late-stage galaxy mergers before coalescence of
the galactic cores. The resulting sample of mergers is distinct from those obtained using pair-finding
and morphological indicators. Our method relies on median-filtering of high-resolution images to
distinguish two concentrated galaxy nuclei at small separations. This method does not rely on low
surface brightness features to identify mergers, and is therefore reliable to high redshift. Using mock
images, we derive statistical contamination and incompleteness corrections for the fraction of late-
stage mergers. The mock images show that our method returns an uncontaminated (< 10%) sample
of mergers with projected separations between 2.2 and 8 kpc out to z ~ 1. We apply our new method to
a magnitude-limited (mpws14 < 23) sample of 44164 galaxies from the COSMOS HST/ACS catalog.
Using a mass-complete sample with log M, /Mg > 10.6 and 0.25 < z < 1.00, we find ~ 5% of systems
are late-stage mergers. Correcting for incompleteness and contamination, the fractional merger rate
increases strongly with redshift as $erge o (1+ 2)3'8i0'9, in agreement both with earlier studies and
with dark matter halo merger rates. Separating the sample into star-forming and quiescent galaxies
shows that the merger rate for star-forming galaxies increases strongly redshift, (1 4 2)*5%13, while
the merger rate for quiescent galaxies is consistent with no evolution, (1 + 2)'*'**2, The merger rate
also becomes steeper with decreasing stellar mass. Limiting our sample to galaxies with spectroscopic
redshifts from zCOSMOS, we find that the star-formation rates and X-ray selected AGN activity in
likely late-stage mergers are higher by factors of ~ 2 relative to those of a control sample. Combining
our sample with more widely separated pairs, we find that 8 &= 5% of star formation and 20 4= 8% of
AGN activity is triggered by close encounters (< 143 kpc) or mergers, providing additional evidence
that major mergers are not the only channels for star formation and black hole growth.
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1. INTRODUCTION

In a hierarchical universe, galaxies grow by accretion of
gas and mergers. Dark matter simulations suggest that
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the halo merger rate (in units per Gyr) increases with
redshift as (142)273 (Lacey & Cole 1993; Fakhouri et al.
2010). However, identifying merging galaxies and trans-
forming those observations into a galaxy merger rate is
not easy, as is illustrated by the large discrepancies be-
tween different methods (see Patton & Atfield 2008; De
Propris et al. 2007; Bell et al. 2006; Jogee et al. 2009;
Lotz et al. 2011, and references therein). These dis-
crepancies are mainly due to differences in sample se-
lection and merger identification (see Lotz et al. 2011).
Nonetheless, a precise determination of the merger rate
of galaxies is essential to the study of galaxy growth. In
particular, the galaxy merger rate is needed to compare
the growth of galaxies to the growth of dark matter ha-
los. Galaxy mergers may also play an important role
in shaping galaxy morphology (Toomre & Toomre 1972;
Sanders et al. 1988; Barnes & Hernquist 1992; Hopkins
et al. 2009), instigating star formation (Mihos et al. 1992;
Sanders & Mirabel 1996; Barton et al. 2000; Lambas
et al. 2003; Ellison et al. 2008; Patton et al. 2013), and in-
ducing super-massive black hole growth (e.g., Hernquist
1989; Moore et al. 1996; Hopkins et al. 2008; Di Matteo
et al. 2008).

There are two general classes of methods for identify-
ing galaxy mergers. The first class of methods selects
close pairs of galaxies, before the galaxies have merged
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(e.g., Lopez-Sanjuan et al. 2013, 2011, 2012; Bundy et al.
2009; Lin et al. 2004, 2010; Patton & Atfield 2008; Kar-
taltepe et al. 2007; de Ravel et al. 2009; Bell et al. 2006;
Masjedi et al. 2008; Ellison et al. 2008; Williams et al.
2011; Robaina et al. 2010; Newman et al. 2012; Ellison
et al. 2013; Tasca et al. 2014). These methods typi-
cally select galaxies with projected separations less than
100 hl_ol0 kpc. The line-of-sight separation depends on
the method used. Galaxy mergers selected using photo-
metric redshifts include pairs that are widely separated
along the line-of-sight and will never merge (e.g., Kartal-
tepe et al. 2007; Bundy et al. 2009; Lépez-Sanjuan et al.
2011, 2012). Although these methods cannot identify
individual chance superpositions, superpositions can be
easily accounted for statistically in merger-rate calcula-
tions (e.g. Bundy et al. 2009; Lépez-Sanjuan et al. 2011,
2012). To better distinguish chance superpositions from
actual mergers, several studies utilize spectroscopic red-
shifts and identify kinematic pairs of galaxies (e.g., Lin
et al. 2004; Patton & Atfield 2008; de Ravel et al. 2009;
de Ravel et al. 2011; Kampczyk et al. 2013; Ellison et al.
2013; Lépez-Sanjuan et al. 2013). For spectroscopic sam-
ples, understanding the completeness of the spectroscopy
as a function of galaxy separation is essential (Kampczyk
et al. 2013; Patton & Atfield 2008; Lin et al. 2004). Al-
though using kinematic pairs eliminates many chance su-
perpositions from a sample of galaxy mergers, spectro-
scopic samples contain far fewer galaxies than photomet-
ric samples and often omit close pairs due to fiber colli-
sions, leading to poorer statistics when measuring galaxy
merger rates.

The second class of methods for finding galaxy merg-
ers looks for morphological signatures during or after a
merger (e.g., double nuclei, tidal tails, outer shells). Mor-
phological searches either involve visual inspection (e.g.,
Kartaltepe et al. 2014, 2010; Kampczyk et al. 2007; Jo-
gee et al. 2009; Bridge et al. 2010; Cisternas et al. 2011),
or quantitative, non-parametric measures of galaxy mor-
phology (e.g., Lotz et al. 2008a; Conselice et al. 2009;
Scarlata et al. 2007; Shi et al. 2009; De Propris et al.
2007; Lépez-Sanjuan et al. 2009). Visual inspection in-
volves searches for merger signatures, some obvious, such
as double nuclei, and some subtle, such as sharp breaks
in the radial light profile. Measurements, such as the the
central concentration, asymmetry, and clumpiness (CAS)
(Abraham et al. 1994; Conselice 2003), the second mo-
ment of the light profile (Mag) (Lotz et al. 2004), and
the Gini coefficient of the two-dimensional flux distri-
bution (Abraham et al. 2003; Lotz et al. 2004), seek to
quantify the morphological signatures of bulges, disks,
and galaxy mergers. By comparing visual classifica-
tion with these quantitative measures, Lotz et al. (2004)
demonstrate that major mergers occupy a distinct part of
the Gini-Myp-concentration-asymmetry space. However,
neither visual classification nor non-parametric morphol-
ogy methods can directly measure the merger mass ratio
or distinguish between major and minor mergers. In fact,
morphology-based methods are sensitive to very minor
mergers and even close passages that cause morpholog-
ical disturbances without leading to a merger (see Lotz
et al. 2011).

Both pair-finding methods and morphology-based
methods are used to measure the galaxy merger frac-

tion and its evolution. The methods are applied to many
data sets with various selection functions. The result-
ing fractions of merging galaxies at z ~ 0.5 vary across
the range 1 — 20% and the evolution of the merger rate
is either very steep, (1 + 2)%, or non-existent, (1 + 2)°.
Several works address these differences (e.g., Patton &
Atfield 2008; Jogee et al. 2009; Lotz et al. 2011). Some
of the differences may be due to variations in the par-
ent sample selection with redshift. Samples selected at
fixed number density yield a different merger-rate evolu-
tion than those selected at fixed stellar mass (Lotz et al.
2011). In addition, the length of time each method is sen-
sitive to a galaxy merger is highly uncertain and varies
greatly as a function of merger-finding method and as a
function of redshift and merger mass ratio. Both photo-
metric pair-finding methods and morphological methods
mis-identify galaxy mergers and often select chance su-
perpositions of galaxies that are widely separated along
the line of sight. Spectroscopic pair studies do greatly
limit the number of line-of-sight pairs. Morphology-
based methods often select galaxies in which close pas-
sages or very minor mergers caused dramatic morpholog-
ical disturbances. While most studies correct for these
mis-identifications, the correction factor is difficult to ac-
curately calculate. The typical assumed fraction of mis-
identified mergers ranges from 0 to 60% (see Lotz et al.
2011, and references therein).

In this work, we present a new quantitative method for
identifying merging galaxies. Our method is in essence
a high-pass filter that makes multiple peaks in galaxy
surface brightness profiles easily distinguishable. The
method is designed to select a sample of late-stage merg-
ers in which two galaxy nuclei are still intact and only
separated by a few kpc. In particular, we select galaxies
whose nuclei are separated by 2.2—8 kpc, and expected to
merge within a few hundred Myr (see Lotz et al. 2011).
These galaxies lie at the interface between early-stage
galaxy mergers selected in close pair studies and post-
merger galaxies selected based on disturbed morpholo-
gies. We show below that our sample of late-stage merg-
ers has little overlap with kinematically selected, more
widely separated pairs. At separations of a few kpc, it is
less likely that the galaxy pair is a chance superposition
than at larger separations (e.g. Kartaltepe et al. 2007),
reducing contamination from spurious pairs. Eliminating
pairs that are likely to be spurious mergers, ensures that
our estimate of the merger rate is robust and competitive
with other merger-finding methods, including searches
for spectroscopic pairs. While many galaxies in our sam-
ple could be selected by visual inspection, in practice
there is little overlap between mergers identified by other
quantitative morphology methods (e.g., Gini- My, asym-
metry) and our sample of late-stage mergers. This is
likely because galaxies with two very close, equally-bright
central peaks do not have abnormally large asymmetry
or second moment values.

In addition to the number of merging galaxies, the
properties of merging galaxies are also of much inter-
est. Numerical simulations of merging galaxies demon-
strate that major mergers can drive gas toward the cen-
ter of galaxies leading to enhanced star formation, effi-
cient bulge creation, and AGN activity as some of the gas
is deposited onto the central black hole (e.g., Hernquist
1989; Mihos et al. 1992; Barnes & Hernquist 1992; Hop-
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kins et al. 2008, 2006). Several observational studies have
shown that merging galaxies typically have enhanced star
formation (e.g., Kartaltepe et al. 2012; Robaina et al.
2009; Xu et al. 2012; Kampczyk et al. 2013; Hung et al.
2013). Almost all intensely star-forming systems, such
as luminous infrared galaxies (LIRGS), in the local uni-
verse have morphologies consistent with major mergers
(Sanders & Mirabel 1996; Wu et al. 1998; Cui et al. 2001;
Kartaltepe et al. 2010). Several studies have also found
that a larger fraction of close pairs between z ~ 0 and
z ~ 1.2 have AGN activity than isolated galaxies (e.g.,
Kennicutt & Keel 1984; Keel et al. 1985; Alonso et al.
2007; Silverman et al. 2011; Koss et al. 2011; Ellison et al.
2013; Satyapal et al. 2014, but see Darg et al. 2010a; Li
et al. 2008; Ellison et al. 2008). Nonetheless, the major-
ity of low-luminosity AGN activity is not associated with
merging galaxies (e.g., Cisternas et al. 2011; Schawinski
et al. 2011; Kocevski et al. 2012; Kauffmann et al. 2004;
Silverman et al. 2011). Using COSMOS HST images,
Cisternas et al. (2011) find that X-ray selected AGNs
are no more likely to be ongoing or recent major merg-
ers than a control sample of inactive galaxies. Silverman
et al. (2011) examine close kinematic pairs with separa-
tions less than 75kpc and find that 18% of X-ray selected
AGN activity since z ~ 1 is triggered by interactions of
close pairs. Including late-stage mergers will increase
the completeness of pairs at separations less than 10 kpc
and boost the fraction of AGN associated with merg-
ing. Late-stage mergers may help explain a significant
fraction of the AGN activity not currently associated
with galaxy pairs. Furthermore, understanding galaxy
properties as a function of time to coalescence can help
test numerical models of merging galaxies and black hole
growth (e.g., Hopkins et al. 2006; Di Matteo et al. 2007;
Mihos et al. 1992).

In this study, we apply our method, which selects
galaxies likely undergoing late-stage mergers, to a flux-
limited sample of 44164 galaxies from the COSMOS sur-
vey. Since we are looking at high redshift and therefore
require high spatial resolution to separate galaxy pairs,
we apply our pair-finding method to Hubble Space Tele-
scope (HST) images taken as a part of the COSMOS
survey (Scoville et al. 2007; Koekemoer et al. 2007). The
galaxies are selected from the ACS galaxy catalog (Leau-
thaud et al. 2007). Photometric redshifts, stellar masses,
and absolute magnitudes are taken from the most recent
near infrared-selected COSMOS catalog (Ilbert et al.
2013; McCracken et al. 2012). The data and merger-
finding method are described in detail in §2 and §3. The
sample of 2047 late-stage mergers is presented in Table 2.
Thirty-two of these late-stage mergers are also detected
in X-ray by either Chandra or XMM.

We test the robustness of our method using simulated
images of mergers in §3.1. After demonstrating that
our selection of late mergers is almost independent of
redshift, we calculate the galaxy merger rate as a func-
tion of redshift across the range 0.25 < z < 1.0 (§4).
Finally, we analyze the star-formation rates and X-ray
selected AGN fractions for the sub-sample of our data
with spectroscopy from zCOSMOS (Lilly et al. 2007,
2009). Unless otherwise noted, we use the cosmology

Hy =70 km s~ ! Mpc™!, Q,, = 0.25, Q4 = 0.75. When
referring to other studies, we use units of hjy, kpc where

Hy = 100 km s~ Mpc™'.  As in Ilbert et al. (2013),
magnitudes are given on the AB system (Oke 1974) and
stellar masses in units of Mgwith a Chabrier (2003) ini-
tial mass function (IMF).

2. DATA

Finding late-stage galaxies mergers with two intact nu-
clei out to z ~ 1 requires the high resolution avail-
able in space-based images. We apply our pair-finding
method to HST/ACS F814W (I—band) images taken as
part of the COSMOS project (Koekemoer et al. 2007;
Massey et al. 2010). The pixel scale in these images in
0.03”/pixel and the point spread function (PSF) has a
FWHM of ~ 0.09 pixels, which corresponds to 0.6 kpc
at redshift z = 1. Although our merger-finding method
could be applied to ground-based data, the method re-
quires that stellar concentrations separated by a few kpc
are resolved. In Sloan Digital Sky Survey (SDSS) images,
the median seeing in 1.3"”, which corresponds to 2.4 kpc
at z = 0.1. Therefore, our method could only be ap-
plied to SDSS data at z < 0.1. For ground-based data
with better seeing, the redshift limit could be increased
to z ~ 0.3. However, to study the evolution of the merger
rate to significant redshift, HST data is necessary.

For each galaxy in the parent sample, we create an
8” x 8" cutout from the ACS F814W image. These
cutouts are used to detect late-stage mergers. In this
work, we use two overlapping samples of galaxies, both
selected from the COSMOS ACS catalog (Leauthaud
et al. 2007). The first sample uses photometric redshifts
and contains ~ 44,000 galaxies. The second sample in-
cludes ~ 17,000 galaxies and uses spectroscopic redshifts
from the zCOSMOS project (Lilly et al. 2007, 2009). Ow-
ing to its greater size, we use the photometric sample to
study the merger rate as a function of redshift. We use
the spectroscopic sample to study the star-formation and
AGN activity in late-stage mergers.

2.1. Photometric Redshift Sample

Our parent galaxy sample is selected from the COS-
MOS ACS catalog (Leauthaud et al. 2007). We select
all objects classified as galaxies (MU_CLASS = 1) with to-
tal magnitudes brighter than I = 23. In the case of
a merger, the total magnitude of the post-merger galaxy
will be brighter than I = 23, while the individual compo-
nents of the merging galaxy may be up to 5 times fainter
(I ~ 24.7), but still within the magnitude limit of the
COSMOS ACS sample. The magnitude limit is necessary
because the completeness of our merger-finding method
decreases with decreasing signal-to-noise (see §3.1). We
obtain redshifts and stellar masses for the galaxies in
the ACS-selected catalog by matching to the recent K-
band selected sample of COSMOS galaxies with pho-
tometric redshifts (McCracken et al. 2012; Ilbert et al.
2013). This catalog includes photometric redshifts and
stellar masses for 90% of the galaxies in our ACS-selected
sample. The absence of some galaxies is due to slight dif-
ferences in the observed area and the masking between
the ACS and K —band catalogs. We exclude all galaxies
masked in Ilbert et al. (2013), as these galaxies do not
have reliable photometric redshifts or stellar masses. Il-
bert et al. (2013) report a photometric redshift precision
of oa./(142) = 0.008 for it < 22.5. The final sample
contains 44, 164 galaxies.
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In §5.2, we study the X-ray selected AGN fraction
in late-stage mergers. Unlike Ilbert et al. (2013), we
therefore include known X-ray sources in our parent
galaxy sample. For these sources, we use photomet-
ric redshifts from Salvato et al. (2011) for optical/NIR
sources matched to XMM (Brusa et al. 2010) and Chan-
dra (Civano et al. 2012) detections. Depending on the
type of AGN, these photo-zs are computed using differ-
ent galaxy-AGN hybrid templates, different luminosity
priors, and accounting for source variability. We note
that the Chandra survey only covers ~ 1/2 of the COS-
MOS area, although to a greater depth. Out of the
parent sample of 44,164 galaxies, 502 galaxies have an
XMM counterpart, and 573 have a Chandra counter-
part, with 282 of these sources detected by both instru-
ments. For X-ray sources, the photo-zs have a preci-
sion of oaz/142 = 0.015 (Salvato et al. 2011). For
the sources identified in XMM, we use stellar masses
computed by Bongiorno et al. (2012). These masses
and photo-zs are most reliable for galaxies that are not
AGN/quasar dominated (type I). For the analysis of the
AGN fraction, we restrict our galaxy sample to systems
that are not AGN-dominated, based on the photo-z tem-
plates used. This eliminates galaxies with the least cer-
tain photo-zs and stellar masses.

When matching the ACS catalog to the ground-based
K-band selected catalog, 1% of sources (640 sources)
that are resolved into 2 galaxies in the HST data are
not resolved in the ground-based data. These galaxies
are clearly possible late-stage mergers with small sepa-
rations, and cannot simply be removed from the sample.
For these cases, we ensure that the galaxy is included
in the sample only once and use the sum of the I-band
magnitudes for the total magnitude. Because our sam-
ple is selected from the ACS catalog, we may be missing
resolved late-stage mergers in which both of the compo-
nents are below the I—band magnitude limit. However,
resolved galaxy pairs make up less than 10% of our fi-
nal late-stage merger sample, as most of the resolved
pairs are more widely separated than the late-stage merg-
ers selected below. From visual inspection, ~ 70% of
these resolved galaxy pairs show clear signs of interac-
tion, while the remaining pairs may be chance superpo-
sitions. This fraction of chance superpositions agrees well
with that obtained by other methods (see §4.1). How-
ever, by randomly adding galaxies to COSMOS images,
Kampezyk et al. (2007) find the fraction of chance su-
perpositions in a sample of visually selected mergers is
40% at z ~ 0.7, suggesting that visual inspection cannot
reliably distinguish real mergers from chance superposi-
tions. Because we use visual inspection to ascertain the
number of chance superpositions, we may underestimate
the fraction of chance superpositions by almost a factor
of two.

For chance superpositions in which two galaxies at
different redshifts are unresolved by ground-based ob-
servations, the photometric redshifts are especially sus-
pect (Bordoloi et al. 2010). Comparing the photomet-
ric redshifts to the available spectroscopic redshifts (see
§2.2), we find the rate of catastrophic outliers for possi-
ble late-stage mergers is 1.6% compared to 1.0% for the
entire sample of galaxies in the range 0.25 < Zgpee. <
1.0. However, the catastrophic outlier rate for the late-
stage merger candidates is still small, and the preci-

sion of the photometric redshifts remains unchanged
(0Az/(14specsy = 0.004). In this work, we will assume
the photometric redshifts of the late-stage merger can-
didates are as accurate as those for the entire sample.
The comparison to spectroscopic redshifts does not take
into account that the spectroscopic redshifts of late-stage
mergers may also be suspect, because the galaxies are
typically separated by less than an arcsecond and their
spectra are blended. We visually inspect the spectra of
late-stage mergers and do not find any in which two
merging galaxies are easily discernible in ground-based
spectroscopic data.

2.2. Spectroscopic redshift sample

In 85, we compare the AGN and star-formation
rates (SFRs) of our late-stage mergers to those of
kinematically-selected pairs (Kampczyk et al. 2013; Sil-
verman et al. 2011) from the zCOSMOS survey (Lilly
et al. 2007, 2009). For the study of SFR. (§5.1), we use the
bright zZCOSMOS 20k bright sample (I < 22.5), which
contains 16,467 galaxies with reliable redshifts. Follow-
ing Lilly et al. (2009), we only use galaxies with redshifts
in the confidence classes 1.5, 2.4, 2.5, 3.x, 4.x, and 9.5,
as well as secondary targets with the same redshift con-
fidences. In principle, the spectroscopic sample should
be a subset of the larger ACS-selected photo-z sample
above. However, differences in masking and the observed
region exclude ~ 1200 galaxies in the zZCOSMOS survey
from the photometric redshift sample described above.
Unlike kinematic pair studies in which both members of
the merger have measured spectroscopic redshifts, in our
sample of late-stage mergers, we only have one spectro-
scopic measurement for the entire merging system. Most
of the late-stage merger candidates described below are
separated by less than an arcsecond, so their spectra are
blended. As stated above, we visually inspect a subset of
the spectra for these galaxies, and find no case in which
two sets of lines (two redshifts) are easily discernible.

In §5.2, we compare the fraction of X-ray selected AGN
in late-stage mergers to the fraction of AGN in kine-
matic pairs. To simplify the comparison, we use the same
parent sample as Silverman et al. (2011) and Kampczyk
et al. (2013). Asin Silverman et al. (2011), we use Chan-
dra observations to identify AGN. Since the Chandra sur-
vey (Elvis et al. 2009) only covers ~ 1/2 of the COSMOS
field, the parent sample of galaxies is smaller. Therefore,
we only examine 10,681 galaxies from the bright zCOS-
MOS survey that lie within the Chandra footprint.

Table 1 lists the various parent samples, as well as the
their properties. We also include the cuts made to these
samples for the analysis in §4 and §5.

3. MERGING GALAXY SELECTION

To separately detect each component in a merging
galaxy, we run the images through a high-pass filter,
which makes multiple peaks in the flux distribution eas-
ily distinguishable. Our procedure, illustrated in Figure
1, is as follows:

e We first convolve each postage stamp image with
a median ring filter (Secker 1995). This smooths
the image by replacing each pixel with the median
value in a ring surrounding that pixel, thus eras-
ing structures on scales larger than the ring. We
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Table 1
Parent sample properties

Parent sample m(Ig4w) limit z limits log M« /Mg limit  Ngai  Nmerger pair sep. limits [kpc] section
photo-z <23 - - 44164 2047 <8 §2.1, Table 27
photo-z <23 - - 44164 1547 [2.2,8] §2.1

photo-z < 23 [0.25,1.0] > 10.6 6226 148 (2.2,8] 84

Spec-z <225 0.25, 1.05] > 10.4 5001 166 <8 §2.2, 5.1
Spec-z <225 0.25, 1.05] > 10.4 3474 112 <8 §2.2, 5.2P

& The full sample without any cuts in redshift, mass, or pair separation is very incomplete at high redshift. We do not use it

for any analysis.

b The smaller spectroscopic sample overlaps with the Chandra survey (Elvis et al. 2009), which is used to select X-ray AGNs.

set the inner ring radius to 9 pixels, which is ap-
proximately 3 times the PSF width. This sets the
size of the smallest separation we can detect. At
z ~ 1.0(0.2), 9 pixels corresponds to 2.2(1.1) kpec.
For comparison, in SDSS images at z ~ 0.1, a 9-
pixel radius median ring filter could only detect
peaks separated by at least 6 kpc. To apply this
method to ground-based data, the size of the me-
dian ring filter (in pixels) would have to be adjusted
for the seeing.

e We then subtract the smoothed image from the
original image. Together, these first two steps cre-
ate a high-pass filter.

e In the difference image, we select all pixels 5 stan-
dard deviations above the noise. Contiguous re-
gions are considered a single peak. For a peak
detection to be significant, we require a region to
contain at least 8 pixels. These values ensure that
any detected peak is at least as large as the PSF.
We demonstrate in §3.1 that using these detection
thresholds yields a sample of peaks that is rela-
tively complete yet uncontaminated, particularly
for mergers between early-type, bulge-dominated
galaxies.

Many of the detections returned by this algorithm are
not actually merging galaxies, but rather widely sepa-
rated galaxies (our postage stamp images span > 50kpc
at z ~ 1), galaxies with clumpy star formation, spiral
arms, or bars. Another source of contamination is edge-
on disk galaxies in which a large bulge is bisected by
a dusty disk. In order to eliminate most of these spuri-
ous mergers, we place further restrictions on the detected
peaks.

First, we require that the peaks are separated by no
more than 8 kpc. We use this upper limit to restrict the
sample to galaxies that are likely to be mergers, not just
close pairs or chance superpositions. This limit also elim-
inates the problem of double-counting late-stage mergers,
as widely separated galaxy pairs will be two separate de-
tections in the parent galaxy sample.

To study the fraction of merging galaxies as a function
of redshift, we also implement a lower bound on the peak
separation of 2.2 kpc. This lower limit is set by the size
of the median ring filter. In this way, we are sensitive
to mergers at similar separations at both low and high
redshift. Implementing this lower bound on the peak sep-
aration eliminates 25% of the late-stage mergers, mainly
at low redshift.

Second, we remove detected peaks that are faint com-
pared to both the brightest peak in each galaxy and the
galaxy as a whole. We measure the flux in each compo-
nent simply by summing the flux in the pixels associated
with the peak. Since this only includes the flux in the
central region of each merging component, this is an un-
derestimate of the flux in each component. Based on
studies of merger selection in mock images (see §3.1 and
Appendix A), we require that every detected peak con-
tain at least 3% of the the total galaxy flux. We demon-
strate below that this successfully eliminates 80 —90% of
the contamination from non-merging galaxies and star-
forming clumps, without greatly affecting the complete-
ness of our sample. In order to only study major merg-
ers, we require that every detected peak is at least 1/4
as bright as the brightest peak detected for each galaxy.
However, while this cut helps eliminate contamination
from minor mergers (see Figure 20), the measured flux
ratio is inaccurate as are cuts based on it. Together, the
cuts in flux ratio eliminate 75% of the galaxies that would
otherwise be considered late-stage mergers. However,
neither of these cuts significantly affects our complete-
ness, which is determined by the efficacy of the median
ring filter. After these cuts, our overall completeness is
~ 20%, but this increases to ~ 80% for mergers between
bulge-dominated galaxies.

Finally, there are some images that have more than 2
detected peaks. We expect triple merging systems to be
extremely rare, and visual inspection shows that most
images with 3 or more peaks, after removing faint peaks,
are edge-on disk galaxies, in which the bulge and the ends
of the spiral arms or bar are detected. These galaxies
can be eliminated from the late-stage merger sample by
requiring that multiple peaks not lie along a single line,
as is the case for edge-on galaxies. We implement this
cut by requiring that the absolute value of the Pearson
correlation coefficient for the peak centroids is less than
0.5. After all the other cuts have been applied, this cut
eliminates 7% of the detected late-stage mergers (145 of
2,047).

With these restrictions, we find 2,047 (1,547 with sep-
arations greater than 2.2 kpc) late-stage mergers with
two prominent flux peaks in the photo-z sample of 44,164
galaxies. These are listed in Table 2 along with some ba-
sic properties of the galaxies and the detected peaks. In
the spectroscopic sample of 16,467 galaxies, we find 819
merging galaxies, 71 of which are not included in the
photo-z sample due to differences in masking. The late-
stage mergers in the zCOSMOS sample are also listed
in Table 2. For each late-stage merger, we include the
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Figure 1. Demonstration of median filter and peak detection on an image of a merger. The (cyan) contours in the last panel outline the
two detected peaks in the difference (original — median-filtered) image. The peaks are separated by 4.0 kpc and have a flux ratio of 1:1.
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Figure 2. Examples of merging galaxies in the photo-z sample after cuts in peak separation and peak flux. The xs show peaks found by
the median fing filter. The bottom center image may be an edge-on disk with asymmetric spiral arms instead of a merger.

projected separation between the two flux peaks as well
as the flux ratio of the peaks. In the photo-z sample,
32 mergers are X-ray AGN detected in either Chandra
or XMM. In the spectroscopic redshift sample, 10 late-
stage mergers are matched with a Chandra source out of
534 mergers that lie within the Chandra footprint.
Although we are confident that the majority of late-
stage mergers listed in Table 2 are physical late-stage
mergers, not all the systems identified by our method
will be real mergers. In addition to isolated galaxies
with clumpy central structure, our sample contains line-
of-sight superpositions. We show below that these chance
superpositions represent 30% of the late-stage merger
sample. Without spectroscopic redshifts for each mem-
ber of the merger or detailed kinematic maps, it is im-

possible to distinguish real late-stage mergers from ei-
ther widely-separated chance superpositions or isolated
galaxies with complex structures. By tuning the selec-
tion criteria to accept smaller peaks, our median-ring
filter method could be used to find galaxies with several
bright clumps instead of late-stage binary mergers.

We note that, other than the pair separation and flux
ratio, all measured properties (e.g., color, redshift, stellar
mass, X-ray flux) are properties of the merger, not the
individual component galaxies. If we categorize galaxies
by stellar mass, merging galaxies are counted with galax-
ies more massive than either member of the merger. In
this way, late-stage mergers are treated more like post-
merger galaxies than pairs of galaxies in the early stages
of merging. This distinction is important to keep in mind
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Not selected as mergers
09:58:57.0 +1:58:06.7
z=0.66

09:58:49.7 +1:57:29.2
2=0.29
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110:02:10.6 +2:34:59.4
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1II

Figure 3. Examples of galaxies for which multiple peaks are detected, but that are not considered mergers. The xs show peaks found
by the median ring filter. These galaxies are removed from the merger sample by the cuts explained in §3. These galaxies fail because
the detected peaks are too faint compared to the central peak (left), all but the central peak are too faint compared to the whole galaxy
(middle), and the two peaks have a projected separation larger than 8 kpc (right).

when comparing to samples of paired galaxies, in which
properties for the individual galaxies are reported.

Figure 2 shows images of 6 late-stage mergers in the
photo-z sample. Although the galaxy in the lower mid-
dle panel may be a spiral galaxy without any merging
activity, the remaining galaxies are clearly mergers at
various separations. The typical peak separation is less
than 1”7, demonstrating why our algorithm requires the
high resolution of space-based data. Figure 3 shows three
examples of galaxies that do not satisfy the cuts on ei-
ther peak flux ratio, peak separation, or peak Pearson
correlation coefficient. These galaxies are often spiral
or barred galaxies. As noted above the median ring fil-
ter detects edge-on disk galaxies, in which the bulge is
bisected by dust in the disk, as binary mergers. How-
ever, these galaxies represent a small contamination. At
fixed SFR, the fraction of late-stage merger candidates is
independent of galaxy ellipticity, a proxy for disk incli-
nation, suggesting our detection algorithm is not biased
by galaxy inclination and dust obscuration.

3.1. Simulated Merger Images

We test our merger detection algorithm on a set of sim-
ple mock images of merging galaxies. We create postage
stamps of pairs of galaxies using the HST/ACS images
from the photo-z sample. Each mock image contains 2
random galaxies at the same photometric redshift. We
choose galaxies at the same redshift in order to elim-
inate line-of-sight chance superpositions, which we ad-
dress statistically in §4.1. By using real galaxy images
drawn at random, we can create a sample of mergers
with realistic morphologies, magnitudes, and flux ratios.
Note, however, that this method does not include any
surface brightness changes caused by mergers. In par-
ticular, we cannot account for the effects optically-bright
star-formation triggered by mergers, or additional obscu-
ration, which may occur with triggered star formation,
will have on our pair detection efficiency. We simply su-
perimpose images of isolated galaxies.

For each pair of galaxies, we make 8 mock images in
which the galaxies are separated by 0.5, 1.5, 2.0, 2.5,
3.0, 5.0, 7.0, and 10.0 kpc. This allows us to test the
completeness of our sample as a function of projected
separation. Details of the mock images are discussed in
Appendix A. Because the flux limits and separation lim-

its used in this study are derived from these simulations,
applications of the median-ring filter method to other
data sets require new simulations matched to the obser-
vations and adjustments to the flux and separation limits
given in §3.

After running these mock merger images through the
median ring filter, we examine the completeness of our
merger sample as a function of pair separation, redshift,
and flux ratio. Unsurprisingly, we find that the efficiency
of detecting late-stage mergers drops precipitously if the
pair separation is smaller than ~ 10 pixels, the size of the
median ring filter (see Figure 18). This motivates using a
lower bound of 2.2 kpe (9 pixels at z ~ 1) on the pair sep-
aration. The median ring filter selects ~ 40% of the mock
mergers with separations larger than 2.2 kpc to z = 1.
This completeness depends strongly on galaxy morphol-
ogy. Because the median ring filter smooths away diffuse
structures, our merger-finding method is biased toward
mergers between concentrated, early-type galaxies'S. For
these mergers, our method is 80% complete, while for
mixed mergers (late+early) and mergers between late-
type galaxies, the median ring filter only selects 40%
of mock mergers. After removing contamination, the
completeness of our selection of early-type mergers is in-
dependent of redshift. For late-type galaxies, the com-
pleteness drops slightly at higher redshifts (see Figure
17, right panel). For all morphologies together, the com-
pleteness drops between z = 0.2 and z ~ 0.5, as the frac-
tion of early-type galaxies also decreases toward higher
redshift.

In addition to using the mock mergers to study com-
pleteness, we can use them to study the contamination
from non-merging, clumpy galaxies and minor mergers
(see Figure 20). We find that, unlike the complete-
ness, the contamination is essentially independent of red-
shift. This may be because our merger-finding method is
less sensitive to all structures at lower signal-to-noise,
and, therefore, higher redshift. Using artificially red-
shifted mergers, Kampczyk et al. (2007) find that merg-
ers identified in low-z data do not appear as mergers
at higher redshift due to lower resolution and signal-

16 We use the ZEST parameter (Scarlata et al. 2007) to ascertain
the morphologies of the galaxies in a mock merger. See §3.3 for
more details.
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Table 2
Late-stage mergers in photo-z + spec-z samples

RA (J2000)*  Dec (J2000)* photo-z®  spec-z® m;d  log Mi«/Mg ©  separation [/] flux ratio Chand. log Lxf XMM log Lx*
149.51058 2.74338 0.49 — 22.21 9.57 0.35 0.50 — —
149.83214 1.94120 0.66 0.70 22.48 9.50 0.78 0.61 — —
149.83058 1.90214 0.73 0.73 21.25 10.95 0.62 0.31 42.6 —
150.20693 1.68028 1.11 — 22.76 10.80 0.31 0.88 43.8 43.9
150.39549 2.05754 — 0.96 21.71 10.57 0.44 0.96 43.1 —
150.51472 2.59320 0.37 — 22.71 8.81 0.36 0.34 — —
Note. — Table 2 is published in its entirety in the electronic edition. A portion is shown here for guidance regarding its form

and content.
@ From Ilbert et al. (2013).

b From Ilbert et al. (2013), except for X-ray sources, which are from Salvato et al. (2011).
¢ Spectroscopic redshift from zCOSMOS (Lilly et al. 2007, 2009)

4 HST/ACS FW814 AB magnitude from Leauthaud et al. (2007).
¢ Stellar masses for XMM sources from Bongiorno et al. (2012); for sources without a photo-z, from Bolzonella et al. (2010) and

Pozzetti et al. (2010); otherwise, from Ilbert et al. (2013).

f log Lx is the X-ray luminosity in the band 0.5 — 10 keV in units of erg s~'. XMM data from Brusa et al. (2010), Chandra data

from Civano et al. (2012).

to-noise, which may explain the incompleteness of our
merger selection at high redshift. However, unlike Kam-
pezyk et al. (2007), our merger identification does not
take into account morphological k-corrections. Since
galaxies are less smooth at bluer wavelengths and have
a larger fraction of their flux concentrated in smaller re-
gions, our peak-finding method may detect more non-
merging, star-forming galaxies at bluer rest-frame wave-
lengths, increasing the amount of contamination. Even
if morphological k-corrections are taken into account,
galaxies at high redshift are expected to be clumpier
(e.g. Bournaud et al. 2007; Genzel et al. 2011) and have
higher SFRs, thus again increasing the contamination
from non-merging, clumpy star-forming galaxies. The
lack of redshift dependence in the contamination sug-
gests our method is not particularly sensitive to clumpy
star-formation at high redshift, possibly because these
clumps are too small and faint. A better understanding
of the effects of morphological k-corrections will require
further study using multi-wavelength data, in particular
near-infrared data at z ~ 1.

We use the mock mergers to determine the cuts on
both the peak-to-galaxy flux ratio (> 3%) and the peak-
to-peak flux ratio (> 25%). By implementing these
cuts, we are able to reduce the contamination from non-
merging galaxies to 10%, and the contamination from
minor mergers (flux ratios smaller than 1:4) to 20%.
The median ring filter is naturally less sensitive to mi-
nor mergers than major mergers since the faint mem-
ber of the merger is likely to be below our detection
threshold. These cuts do affect the completeness, de-
creasing it by a factor of 2 to 20% (see Figure 17). How-
ever, the completeness for early-type galaxy mergers is
larger unaffected. Removing the cut on peak flux to
galaxy flux ratio increases the contamination from non-
merging sources to ~ 40%, which significantly affects
our results on internal late-stage merger properties (SF,
AGN), which cannot be simply corrected. In calculating
the merger rate (§4), we correct the measured late-stage
merger fractions for contamination and incompleteness.
For all mergers, we take the contamination to be 30%,
independent of redshift. The incompleteness correction

is a function of redshift and merger type and is derived
from Figure 17.

3.2. Caveats

Although our simulations demonstrate the effective-
ness of our merger finding, there are several failure modes
of the algorithm. First, the method does not distin-
guish between merging galaxies and chance superposi-
tions. Since we are looking at extremely small separa-
tions, we expect the number of chance superpositions to
be small. Although we correct the merger rates in §4 for
chance superpositions, we cannot correct the properties
of mergers for contamination from chance superpositions.

Second, tests with mock merger images show that the
median ring filter is most sensitive to highly concentrated
galaxies. This suggests the merger rate measured for
early-type (quiescent) galaxies is very robust, but the
merger rate for late-type (star-forming) galaxies is un-
derestimated by as much as a factor of 3, after account-
ing for contamination from non-mergers and line-of-sight
superpositions. Furthermore, the bias toward highly con-
centrated galaxies may introduce biases in the sample as
a function of redshift. Morphological k-corrections will
lead to more disk-dominated, less centrally concentrated,
galaxies at high redshift (Kuchinski et al. 2000; Papovich
et al. 2003). Therefore, a bias toward detecting concen-
trated galaxies is likely to under-report the number of
late-stage mergers at high redshift.

Finally, because we impose a flux ratio cut, our method
cannot detect a merger with only one optically bright
AGN. Therefore, in §5.2, we only compute the AGN
fraction for obscured (Type II) AGN. In addition, the
stellar masses and photometric redshifts for Type I AGN
are less certain than for obscured, optically faint AGN.
Thus, removing Type I AGN from the sample improves
the accuracy of our results.

3.3. Comparison with other selection techniques

There are many established methods for selecting
merging galaxies. The simplest methods select galaxies
based on angular separation (e.g., Carlberg et al. 1994;
Zepf & Koo 1989). These methods typically look at sep-
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arations of 5 — 100 h g, kpe, and need to be corrected
for chance superpositions and galaxies that are physi-
cally close, but will not merge within a Hubble time.
The number of superpositions can be limited by requiring
that the galaxies have similar photometric redshifts (e.g.,
Kartaltepe et al. 2007; Bundy et al. 2009). Spectroscopic
redshifts are also useful in eliminating chance superpo-
sitions (e.g., Patton et al. 2002; Patton & Atfield 2008;
Kampcezyk et al. 2013; Lin et al. 2004, 2008; Le Fevre
et al. 2000; de Ravel et al. 2009; de Ravel et al. 2011;
Ellison et al. 2008). However, spectroscopic samples are
limited in size and depth. Furthermore, the late-stage
mergers reported here typically have sub-arcsecond sep-
arations. Systems with such small separations will not
be resolved in ground-based spectroscopic studies, even
when including pairs that are observed in the same slit
(e.g. Kampezyk et al. 2013). Comparing our results to
the spectroscopically selected pair sample in Kampczyk
et al. (2013), we find only 20% of late-stage mergers are
also kinematic pairs and most of these mergers have sep-
arations larger than 2”.

Pair samples look for galaxies in the early stages of
merging. Morphological studies, on the other hand, look
for evidence of mergers at all stages, including late-stage
mergers and post-merger galaxies. Merger studies based
on morphology rely on either visual classification (e.g.,
Kampcezyk et al. 2007; Bridge et al. 2010; Darg et al.
2010a; Kartaltepe et al. 2010) or quantitative morphol-
ogy indicators. Indicators used to distinguish mergers in-
clude the Gini coefficient!” and the second moment of the
brightest pixels, M2o!® (e.g., Abraham et al. 2003; Lotz
et al. 2004, 2008a); the galaxy asymmetry and concen-
tration (e.g., Conselice et al. 2009; Shi et al. 2009; Lopez-
Sanjuan et al. 2009); and combinations of the above, as
well as parametric fits to galaxy luminosity profiles (e.g.,
Scarlata et al. 2007; Cassata et al. 2005). In particular,
Scarlata et al. (2007) use principle component analysis to
reduce the space spanned by Gini, My, concentration,
asymmetry, clumpiness, and galaxy Sérsic index to three
dimensions. Regions in this space are then assigned a
ZEST (Zurich Estimator of Structural Types) type. This
estimator has been applied to the COSMOS ACS images,
making comparisons to our late-stage merger sample pos-
sible.

Figures 4 and 5 show the ZEST classifications of our
sample. All morphological values are taken from Scar-
lata et al. (2007). As described in Scarlata et al. (2007),
the ZEST types are computed based on ‘clean’” ACS im-
ages, in which close companions, if found, are masked.
We therefore expect that for some mergers, one mem-
ber of the pair will be masked, decreasing the measured
asymmetry and Myy. However, inspection of the COS-
MOS ‘clean’ images shows that the majority of late-stage
mergers are considered a single system (see Cisternas
et al. 2011). We limit the sample to galaxies with stel-

17 The Gini coefficient measures the relative distribution of
flux in pixels associated with a galaxy. It is given by G =
1/ (2fn(n+1)) SP_ X2, |fi — f5l, where f; is the flux in a pixel,
n is the number of pixels, and f is the mean flux per pixel (Abra-
ham et al. 2003)

18 Myg is the second moment of the flux around a galaxy’s center
(S0, fi(z2 + y?)), only counting the brightest pixels which total
20% of the galaxy’s flux. This is then normalized by the galaxy’s
total second moment, summing over all pixels (Lotz et al. 2004).
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Figure 4. Top: Gini coefficient and Mg values for late-stage
mergers (black points). The contours show the parent sample color-
coded by ZEST galaxy type (Scarlata et al. 2007). The sample is
limited to galaxies with stellar masses greater than 2.5 x 1010 M.
ZEST=1,2,3 are ellipticals, spirals (with bulges), and irregulars,
respectively. The inner(outer) contours contain 30%(80%) of the
galaxies of each ZEST type. The dashed magenta line is the crite-
rion for merging galaxies from Lotz et al. (2004). Most late-stage
mergers lie below this line and would not be detected using the
G — Map method. Bottom: Distribution of Mag for our sample of
mergers (solid lines) and the parent sample (dashed lines). Colors
indicate ZEST type as in the top panel.

lar masses above 2.5 x 10'° M, and I—band magnitudes
brighter than 23.5. The mass-restricted parent sample is
shown by colored contours, while the late-stage mergers
are denoted by black points. In these figures, it is clear
that most mergers are either ZEST type 2 (bulge+disk
galaxies) or ZEST type 3 (irregular). Out of 212 late-
stage mergers, 28, 112, and 72 are of types 1, 2, and 3, re-
spectively. If the late-stage merger sample had the same
distribution as the parent sample, the expected number
of each type would be 50, 152, and 10. These differences
in ZEST type distribution are shown in the histograms
in Figures 4 and 5.

These histograms show the distributions of Myy and
concentration for late-stage mergers compared to normal
galaxies for each ZEST type. For late-stage mergers clas-
sified as spirals, the distribution of Mg is shifted toward
larger values (blue lines), closer to the distribution for
irregular galaxies (green line). This demonstrates that,
while the ZEST categorization does not clearly separate
late-stage mergers from spiral galaxies, the morphologies
of late-stage mergers differ measurably from those of reg-
ular spiral galaxies. Nonetheless, most mergers are classi-
fied as spirals, in agreement with Kampczyk et al. (2007).
Furthermore, most irregular galaxies are not classified as
mergers by our method. This is to be expected, since our
merger selection only identifies major mergers that still
have two nuclei, ignoring other merger signatures.

In Figure 4, the magenta dashed line shows the crite-
rion for merging galaxies from Lotz et al. (2004). This
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Figure 5. Top: Petrosian concentration and asymmetry (about
180 ° rotation). Symbols and contours are as in Figure 4. Half of
the late-stage mergers are of ZEST type 2 (spirals). A late-stage
merger is 7 times more likely to be an irregular galaxy (ZEST=3)
than a galaxy from the parent sample. Bottom: Distribution
of concentration for mergers (solid lines) and the parent sample
(dashed lines). Colors indicate ZEST type as in the top panel. On
average, late-stage mergers of ZEST type 2 (blue lines) are less
concentrated than typical ZEST=2 galaxies.

criterion is designed for observations in the rest-frame
B—band and is therefore appropriate for the portion of
our sample above z =~ 0.7. Objects above this line are
considered mergers, However, only a small fraction of
late-stage mergers are also classified as mergers by the
G-Myy criterion (see also Kartaltepe et al. 2010; Jogee
et al. 2009; Lotz et al. 2011). Similarly, in Figure 5, major
mergers are expected to be highly asymmetric (asymme-
try = 0.3), but only a small fraction of our sample of
late-stage mergers have such high asymmetries.

In Appendix B, we further explore the differences be-
tween our sample of late-stage mergers and mergers se-
lected based on their Gini, Mag, or asymmetry values.
Some differences may be due to the fact that the Gini,
My and asymmetry values reported by Cassata et al.
(2005) are derived from deblended images, which splits
two concentrated nearby galaxies into separated sources.
This eliminates late-stage mergers from the G — My and
asymmetry-selected samples. Furthermore, the high cen-
tral concentrations of late-stage mergers selected here bi-
ases the asymmetry upward, making their selection as
mergers based on asymmetry less likely. In looking at
mergers selected by Gini-Msyy and asymmetry but not
by our method, we find that the asymmetry and Gini-
Moo methods are more sensitive to mergers between late-
type galaxies, minor mergers, and small perturbations
in the galaxy flux distribution than our method. To-
gether, these reasons help explain the poor overlap be-
tween our sample of late-stage mergers and those derived
using other morphology methods.

4. MERGER RATES
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Figure 6. The mass completeness of our photometric sample
(I < 23) as a function of Ig14w apparent magnitude in three red-
shift bins. Quiescent(star-forming) (see §4.4) galaxies are shown in
red(blue). Up to z = 0.7, the sample is complete for both popu-
lations. Beyond z = 0.7, the completeness drops to ~ 90%, with
most of the missing galaxies above z = 0.9.

In section §3.1, we demonstrate the completeness and
contamination of our selection of late-stage mergers. By
correcting for these effects, we can compute the major
merger rate as a function of redshift to z = 1. To calcu-
late merger rates, we use the photo-z parent sample, with
a few additional restrictions. We limit our parent sam-
ple to the approximately volume-limited sample between
0.25 < z < 1.0 and log M, /Mg > 10.6. The stellar mass
limit is derived by comparing the completeness of our
I—band selected catalog to that of the deeper K —band
selected catalog (Ilbert et al. 2013). Up to z = 1, 93%
of the galaxies from the deeper K —band selected catalog
are included in our sample. Figure 6 shows the measured
stellar masses as a function of apparent magnitude in 3
redshift bins. While the sample is mass-complete for the
lower redshift bins, the completeness drops to 82% for
z > 0.9. For the merger-rate analysis, we also remove
all sources with X-ray detections because the colors and
photometric redshifts for these sources are less certain.
This eliminates 3% of the sample. The final sample for
the merger-rate analysis contains 5894 galaxies, of which
136 are late-stage mergers.

4.1. Line-of-sight pairs correction

Before computing the merger rate, we need to correct
the observed number of late-stage mergers for chance su-
perpositions. We do this by computing the expected
number of chance superpositions within 8 kpc of the
galaxies in our sample. This method is outlined in Bundy
et al. (2009). Using the deeper full ACS source catalog
(Leauthaud et al. 2007), we compute the expected num-
ber of fainter neighbor in an annulus of 2.2 to 8 kpc
around galaxies in the redshift range 0.25 < z < 1.0. In
order to be counted, the fainter galaxy must have a flux
between between 25% and 100% of the primary source,
and together the pair must be brighter than I = 23 and
more massive than 4 x 101My. Summing the expected
number of projected neighbors over the whole sample,
and adjusting the value for the difference in area between
the whole ACS sample and our parent sample, yields an
expected number of chance superpositions of 50. In other
words, 30% of the 148 late-stage mergers are likely to be
chance superpositions. Since the angular-diameter dis-
tance, and, therefore, the size of the annulus searched for
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close pairs, changes slowly with redshift beyond z ~ 0.5,
the fraction of chance superpositions does not change sig-
nificantly with increasing redshift. Hence, we correct the
fraction of late-stage mergers by a factor of C} 5. = 0.7.
This correction is only statistical and does not allow us to
determine which late-stage mergers are chance superpo-
sitions, only the average probability that any late-stage
merger is a spurious pair.

The value of Cj,s given above agrees well with the
fraction of chance superpositions found by visually in-
specting a fraction of the merger images in §2.1. Our cor-
rection factor also agrees well with other values for C .
based on numerical simulations where C) .. ~ 0.4 — 1.0
(see Kitzbichler & White 2008; Patton & Atfield 2008;
Lotz et al. 2011; Le Fevre et al. 2000) and visual inspec-
tion (Kampczyk et al. 2007). As expected, the fraction of
chance superpositions in our sample is smaller than that
found by Bundy et al. (2009) using the same method
but a larger search annulus. By including photomet-
ric redshift information for both members of a merger,
Kartaltepe et al. (2007) find a smaller correction factor
(Clos. ~ 15%). However, our method cannot distinguish
the redshifts of the superimposed galaxies. Despite good
agreement with previous studies, the value of Cj . re-
mains highly uncertain and contributes significantly to
the uncertainty in the merger rates calculated below.

4.2. Contamination and completeness

Using the mock merger images from §3.1, we correct
our sample of late-stage mergers for incompleteness and
contamination. The simulations show that the sample
has a contamination rate of 33 &= 1%, ~ 20% from minor
mergers and ~ 10% from non-merging, clumpy galaxies.
The contamination does not depend strongly on redshift,
although it does depend on the flux ratio of the merger.
For the merger-rate calculation, we correct the number
of late-stage mergers for contamination by multiplying
by 0.67 4+ 0.01.

The simulations also demonstrate the incompleteness
of our merger-finding method. From Figure 17, the com-
pleteness of our sample ranges from ~ 20% to ~ 40% as
a function of redshift. Based on the mock mergers, we
compute the completeness in the three redshift bins used
below. The correction factor for incompleteness is simply
the inverse of the completeness fraction. In addition to
redshift, the completeness of our late-stage merger selec-
tion depends strongly on galaxy morphology. In §4.4, we
compute the merger rates for star-forming and quiescent
galaxies separately. In this case, we use completeness cor-
rections derived from the late-type and early-type galaxy
mergers, respectively. While obtaining correct morpholo-
gies for artificially superimposed galaxies is trivial, ob-
taining correct colors requires understanding how the
components of the mock merger extinct each other. We
instead assume that the color (SFR) of a merger and the
morphology of the merging galaxies are exactly corre-
lated, i.e., there are no star-forming early-type mergers.
This is certainly false, but is likely a small error in light
of the overall uncertainties in the corrections for incom-
pleteness and line-of-sight chance superpositions.

Taken with the line-of-sight pair correction, we correct
the number of late-stage mergers by three factors, Cj o5,
the contamination (0.67 4+ 0.01), and the incompleteness
1/completeness fraction. Together, we denote these cor-

rections as Cierge- The values of Cherge are given in
Table 3 along with the corrected merger fraction fierge-
The errors in Cherge are the bootstrap-derived errors in
the completeness and contamination fractions (see Ap-
pendix A) and do not include the uncertainty in C ..
The errors on the correction factor are likely underesti-
mated, as they do not include uncertainty in the mor-
phological mix of merging galaxies or in the conversion
of flux ratios to mass ratios. The redshift dependence of
Crerge 1s due entirely to the incompleteness correction.
In §4.5, we examine the measured merger rate without
corrections for incompleteness and contamination in or-
der to determine the sensitivity of our results to these
correction factors.

4.3. FEwvolution of the merger rate

To calculate the merger rate, we simply count the num-
ber of pairs in three redshift bins, chosen such that each
redshift bin spans the same amount of time. Our results
are unchanged if the bins are chosen such that they con-
tain the same number of galaxies. The raw merger frac-
tions are corrected for chance superpositions, contami-
nation, and incompleteness using the correction factor,
Crerge, given in Table 3. The corrected merger fraction
for our total sample is Crerge X 136/5894 = 4.8 &+ 0.5%,
where Cierge = 2.1 £0.1, and the completeness fraction
is 0.22+0.01. This is comparable to the typical pair frac-
tion found in studies of more widely separated pairs (Lin
et al. 2004; Kartaltepe et al. 2007; de Ravel et al. 2009;
Bundy et al. 2009; Robaina et al. 2010). and the frac-
tion of morphologically disrupted systems (De Propris
et al. 2007; Conselice et al. 2009; Lotz et al. 2008a). As
noted in §3.3, our sample of late-stage mergers has little
overlap with samples of major mergers selected by visual
inspection or other non-parametric methods (asymme-
try, etc.). This means the remarkably good agreement
in the overall fraction of mergers is difficult to interpret,
and possibly due to chance.

In order to compute the galaxy merger rate, we must
take into account the timescale over which a late-stage
merger could be observed. We calculate the fractional
merger rate defined in (Lotz et al. 2011):

1

%merge = fmerge<m> 5 (1)
where Typs is the duration of time a merger will be ob-
servable. Because Ty is strongly dependent on the
merger /pair selection, using the correct value for Tops is
essential when comparing merger rates based on differ-
ent techniques (see Lotz et al. 2011). For the late-stage
mergers studied here, Tops is sensitive to many parame-
ters such as the galaxy masses, gas fractions, orbital pa-
rameters, and observational angle. Many pair studies use
the dynamical friction timescale for Tops (Lin et al. 2004;
Bell et al. 2006; Patton & Atfield 2008; Masjedi et al.
2008). Another way to determine Ty is using hydrody-
namical simulations of galaxy mergers and directly mea-
suring how long close pairs or morphological signatures
are observable (e.g., Patton et al. 2000; Conselice 2006;
Kitzbichler & White 2008; Lotz et al. 2008b, 2010a,b,
2011). For close pairs separated by 5 — 20 hfolo kpc, Lotz
et al. (2011) find (Tons) = 0.33 Gyr, and that (Tops) is
essentially independent of galaxy gas fraction, and, there-
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Table 3
Pair fractions and merger rates
z Ngal ngr Cmcrgc fmcrgc R [Gyrfl]
0.25, 0.45) 867 15 1.1£01 19+05% 59+1.6%
0.45, 0.70) 1644 39 1.84+0.1 424+08% 126+2.3%
0.70, 1.00) 3383 82 27+0.1 6.6+£08% 20.1+25%
low mass (10.6 < log M /Mg < 10.9) sample
0.25, 0.45) 399 9 11401 25+£09% 7.7+26%
0.45, 0.70) 782 23 1.8+0.1 51+£12% 15.6+3.5%
0.70, 1.00) 1766 42 274+01 65+£1.1% 19.7+3.2%
high mass (log M/Mg > 10.9) sample
0.25, 0.45) 468 6 1.14+01 1.4+£06% 444+1.8%
0.45, 0.70) 862 16 1.8+£0.1 32+09% 9.8+2.6%
0.70, 1.00) 1617 40 274+01 6.8+1.1% 205+3.4%
star-forming sample
0.25, 0.45) 413 8 14402 27+£11% 8243.2%
0.45, 0.70) 763 21 20+£02 56+14% 16.9+4.1%
0.70, 1.00) 1131 36 34403 10.7+2.0% 324+6.1%
quiescent sample
0.25, 0.45) 454 7 06+00 09+£03% 26+£1.0%
0.45, 0.70) 881 18 06+£00 114+03% 35+0.8%
0.70, 1.00) 2252 46 06+0.0 1.3+£02% 3.940.6%
star-forming, low mass (10.6 < log M/M¢g < 10.9) sample
0.25, 0.45) 225 4 14402 25+£13% 7.5+4.0%
0.45, 0.70) 469 10 2.0+£02 43+15% 13.1+4.4%
0.70, 1.00) 660 22 34403 11.24+26% 33.9+7.9%

quiescent, low mass (10.6 < log M /Mg < 10.9) sample

0.25, 0.45) 243 2 06+00 0.5+0.3% 1.4+ 1.0%
0.45, 0.70) 393 6 06+0.0 09+04% 2.6 +£1.1%
0.70, 1.00) 957 18 0.6+0.0 1.240.3% 3.6+0.9%

star-forming, high mass (log M /Mg > 10.9) sample

0.25, 0.45) 188 4 14402 3.0+1.6% 9.0+ 4.8%
0.45, 0.70) 294 11 2.0+£02 76+25% 23.0+7.5%
0.70, 1.00) 471 14 34+03 10.0+2.8% 30.3+8.6%

quiescent, high mass (log M /Mg > 10.9) sample

0.25, 0.45) 211 5 06+0.0 1.3+£0.6% 4.0+ 1.8%
0.45, 0.70) 488 12 0.6+00 1.4+0.4% 4.2+1.2%
0.70, 1.00) 1295 28 0.6+0.0 1.4+£0.3% 4.1+0.8%
Note. — The fraction of mergers is corrected by a factor of

Cherge for line-of-sight superpositions, contamination from mi-
nor mergers/non-mergers, and incompleteness. The fractional
merger rate is calculated using (Tobs) = 0.33 (Lotz et al. 2011).

fore, redshift. Therefore, T only affects the normaliza-
tion of the merger rate, not the slope as a function of
redshift. Below, we use the merger observation timescale
computed by Lotz et al. (2011), (Tops) = 0.33 Gyr. This
is roughly twice as long as the minimum expected Typs,
namely the orbital timescale. For mergers with masses
similar to the Milky Way mass, separated by 8 kpc, the
orbital timescale is ~ 0.2 Gyr. Nonetheless, the value of
Tops introduces significant uncertainty in the normaliza-
tion of the merger rate. Using (Tons) = 0.33, the com-
puted values for Rperge are reported in the last column
in Table 3.

Because of the corrected fraction of late-stage mergers,
we find Rerge x (1 + z)?"gio'g, consistent with, albeit
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Figure 7. The fractional merger rate as a function of redshift de-
rived from our sample of late-stage mergers (black, filled circles),
compared to other stellar-mass-selected studies of merging galax-
ies. Bundy et al. (2009) and de Ravel et al. (2009) identify merging
galaxies as photometric pairs. Lépez-Sanjuan et al. (2009); Con-
selice et al. (2009) identify mergers based on galaxy asymmetry.
All data is from Lotz et al. (2011) in which the timescales for
observation of mergers are calibrated to facilitate easy compari-
son. Our merger rates are corrected from line-of-sight superpo-
sitions, contamination and incompleteness. The errors shown for
our measurements (black) are the statistical errors only, and likely
underestimates, but include the uncertainties in the corrections for
contamination and incompleteness.

slightly steeper than, results of other studies that find
significant evolution in the merger rate with redshift (de
Ravel et al. 2009; Lin et al. 2008; Robaina et al. 2010, but
see Bundy et al. 2009; Lotz et al. 2011). The merger rate
is also consistent with the expected merger rate for dark
matter halos, which grow as (1 + 2)3~* (e.g., Fakhouri
et al. 2010, but see Berrier et al. 2006; Guo & White
2008). This suggests that, at late times, massive galaxy
growth traces halo growth. Figure 7 compares the frac-
tional merger rate for late-stage mergers to other merger
rate studies, including studies using close pairs (de Ravel
et al. 2009; Bundy et al. 2009) and galaxy asymmetry
(Lépez-Sanjuan et al. 2009; Conselice et al. 2009). The
values plotted are from Lotz et al. (2011) and take into
account differences in Ty, for different merger-finding
methods.

Because the measured merger-rate evolution depends
on the galaxy selection (Lotz et al. 2011), we limit the
comparison to other mass-selected samples. All four
studies in Figure 7 use mass-selected samples, with mass
limits near log M./Mg = 10, which is lower than our
mass limit. For the pair studies, the mass refers to
the mass of the individual merging galaxies, not the fi-
nal merged galaxy, as is the case in our study. There-
fore, care must be taken when comparing these results.
Nonetheless, the agreement between the different meth-
ods suggests that above log M, /Mg ~ 10, the merger
rate does not depend strongly on galaxy mass. The er-
rors in Rmerge are statistical errors only and do not in-
clude uncertainties in Typs. A smaller value for Ty will
increase the measured Rperge, and decrease the agree-
ment between our study and previous results. While we
have included the uncertainty in the correction for in-
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Figure 8. Color-color diagram for selecting queiscent and star-
forming galaxies. The cuts are from Ilbert et al. (2013, 2010).
Queiscent galaxies are in the upper left. The data shown is in the
redshift range 0.25 < z < 1.0 and with stellar masses > 10'°Mg,.
The contours show the distribution of the full photo-z sample, with
contours at the 302, 50t® and 90" percentiles. The points show
the late-stage mergers.

completeness and contamination in our errors, these are
likely underestimated. The error bars show in Figure 7
represent the minimum errors.

4.4. Mergers as a function of color and stellar mass

Since our sample of late-stage mergers is relatively
large, we can explore the evolution of the merger rate
as a function of color and stellar mass. We divide the
parent sample into two mass bins, choosing the median
stellar mass, log M /Mg = 10.9 as the division. Following
Ibert et al. (2013), we further divide the sample into qui-
escent and star-forming galaxies, based on the rest frame
near-UV (NUV)—r* and r* — J colors, where NUV cor-
responds to the GALEX filter at 0.23 ym, and rT refers
to the Subaru r—band. Colors are computed from the
best-fit spectral energy distribution (SED) templates in
Ilbert et al. (2013). The color cuts for quiescent galaxies
are (NUV —rT) > 3(r* —J)+1 and (NUV —r*) > 3.1
(Ilbert et al. 2013, 2010). The color-color diagram in Fig-
ure 8 shows these cuts applied to our sample.Our analysis
cannot distinguish the colors of the member galaxies in
a late-stage merger. Nonetheless, we classify mergers as
‘wet’ (gas-rich) mergers if the total merging system is
star-forming, as ‘dry’ mergers if the merger is quiescent.

Table 3 contains the corrected pair fractions within
each star-forming/stellar mass bin. The fractions and
merger rates reported are those within the limited star-
forming/stellar mass parent sample. Note that we use
the same T, for all sub-samples of galaxies, even though
Tops is likely to depend on both galaxy mass and color.
Within a single sub-population, Tohs does not depend
strongly on redshift, hence, does not affect the evolution
of the merger rate, only the normalization. The pair frac-
tions reported in Table 3 are corrected for incompleteness
and contamination. In addition to a dependence on red-
shift, Cmerge is different for quiescent and star-forming
galaxies because the completeness of our merger selection
depends on galaxy morphology, and, therefore, color. For
quiescent galaxies, we use the completeness fraction for
early-type galaxies, while for star-forming galaxies, we

adopt the completeness of late-type mergers. For quies-
cent galaxies, Chyerge is independent of redshift, while for
star-forming galaxies, Cperge increases by a factor of ~ 2
from z =~ 0.2 to z ~ 1.0 (see §4.5).

Figure 9 shows the corrected pair fractions for each
subsample of galaxies as a function of redshift. From
these figures it is evident that the merger rates for blue
and red galaxies differ significantly. For blue galaxies
Rmerge ~ (1 + 2)4'5i1'3, while for red galaxies Rmerge
is consistent with no evolution, Rmerge ~ (1 + 2)11%12,
This suggests that the evolution in the merger rate for
all galaxies is driven by the evolution in the merger rate
for blue galaxies and the increasing contribution of blue
galaxies to the galaxy population at high redshift.

For massive (log M /Mg > 10.9), quiescent galaxies,
Rmerge ~ (1 + 2)00%1L4 " consistent with no evolution.
The lack of evolution in the merger rate for massive, red
galaxies agrees with results from pair studies (de Ravel
et al. 2009; de Ravel et al. 2011; Lin et al. 2008; Bundy
et al. 2009; Lopez-Sanjuan et al. 2011, 2012) and simula-
tions (Kitzbichler & White 2008). As in Lin et al. (2008),
de Ravel et al. (2009) and Darg et al. (2010b), we find
that most mergers are star-forming, and that the fraction
of star-forming mergers increases significantly with red-
shift. Figure 10 shows that dry, quiescent mergers make
up ~ 20% of all mergers in our sample, once the merger
fractions are corrected for incompleteness and contami-
nation.

It is interesting to note that Figure 9 shows a weak
increase in the fractional merger rate for low-mass, qui-
escent galaxies (Rmerge < (1 + 2)30%22). However, low-
mass quiescent galaxies suffer the most from incomplete-
ness in this I—band selected sample. If the average stel-
lar mass for low mass quiescent galaxies increases as a
function of redshift, then it is unsurprising that the frac-
tional merger rate in the highest redshift bin matches
that of the high-mass quiescent galaxies. This suggests
that the evolution the low-mass quiescent galaxy merger
rate may be a selection effect.

The fractional merger rate for star-forming galaxies
grows significantly with increasing redshift, Rperge o
(1 + 2)3'5i1'8 for high mass galaxies, and Ryerge
(1 + 2)%4*L7 for low mass galaxies. This demonstrates
the increasing importance of wet major mergers at high
redshift, in agreement with previous studies (Li et al.
2008; Bundy et al. 2009; Lépez-Sanjuan et al. 2012,
2011). The strongly increasing fraction of star-forming
mergers also agrees with the increase in bright infrared
sources as a function of redshift (Le Floc’h et al. 2005).
This is expected as these sources are often associated
with mergers (Sanders & Mirabel 1996; Kartaltepe et al.
2010). We show below, however, that this increase in the
fraction of SF mergers does not contribute significantly
to the overall increase in SFR with redshift.

As with quiescent galaxies, the merger rate evolution
for low mass galaxies is steeper than for high mass galax-
ies. Although this may be driven by incompleteness,
the steepness of the merger rate for lower mass galax-
ies suggests that the merger rate depends on halo mass.
Note, however, that the range of masses under study is
small (10.6 < log M/Mg < 11). The differences among
Rmerge for star-forming, quiescent, low-mass and high-
mass galaxies help explain the differences in merger rates
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Figure 9. The fraction of mergers for different types of galaxies, corrected for chance line-of-sight superpositions, contamination, and
incompleteness, as a function of redshift. The left panel shows star-forming galaxies, while the right panel shows queiscent galaxies,
separated by the color cuts in Figure 8. The solid (empty) symbols show high (low) mass galaxies. Small horizontal offsets are added for

visibility.
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Figure 10. The fraction of pairs split by galaxy color and mass,
corrected for line-of-sight superpositions, incompleteness and con-
tamination. With these corrections, mergers between star-forming
galaxies dominate at all redshifts, and the number of star-forming
mergers increases significantly with redshift.

found using different parent samples, especially the dif-
ferences in Jfmerge between mass-limited and luminosity-
limited samples (e.g., Lotz et al. 2011; Lin et al. 2004).

4.5. Without incompleteness and contamination
corrections

The results in Figures 7 through 10 use late-stage
merger fractions corrected for incompleteness and con-
tamination. While these correction factors are based on
simulations well-matched to the observed data, the cor-
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Figure 11. As in Figure 10, but the fractions are not corrected
for incompleteness or contamination. Without the incompleteness
corrections, there is no statistically significant increase in merger
activity at high redshifts. Because the correction factor is small for
early-type galaxies, the fraction of queiscent mergers is nearly the
same as in Figure 10.

rections are still uncertain. Thus, we perform the same
analysis, excluding the completeness and contamination
corrections and setting Cerge = 0.7 for the line-of-sight
pairs correction. This only serves to demonstrate the
effect of our correction factors. The simulations clearly
demonstrate the need for incompleteness and contami-
nation corrections, and the measured merger rates are
certainly invalid without any corrections. Without the
incompleteness corrections, the overall late-stage merger
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fraction drops by a factor of ~ 2. Furthermore, the mea-
sured evolution in the merger rate disappears if we do not
include an evolving correction for incompleteness. Figure
11 demonstrates that the fraction of late-stage mergers
only evolves slightly with redshift, fmerge 0¢ (14 2)98508
This is in contrast to Figure 10, which shows a large
increase in the corrected merger fraction with redshift.

Comparing Figures 10 and 11 also shows that the frac-
tion of quiescent mergers is unchanged by the correc-
tion factor for contamination and incompleteness. This
is unsurprising because our merger sample is complete for
early-type galaxies out to z ~ 1. The completeness cor-
rection mainly affects star-forming galaxies, particularly
at high redshift. Without corrections for contamination
and incompleteness, the merger rates for quiescent and
star-forming galaxies grow as Rmerge o< (1 + 2)07+12
and Rperge X (1 + 2)1°F12] respectively. While the
merger rate evolution for quiescent galaxies is unchanged,
the merger rate for star-forming galaxies is significantly
lower, and only marginally inconsistent with a flat merger
rate. These results suggest that the non-evolving merger
rate for quiescent galaxies is robust. For star-forming
galaxies, the uncorrected merger rate is a lower limit.
Even if values of the incompleteness we measure us-
ing mock merger images are inaccurate, our sample of
late-stage mergers is demonstrably incomplete at high
redshift, particularly for late-type, star-forming galaxies.
Therefore, the merger rate for star-forming galaxies will
evolve at least as quickly as (1 + z)-5%12,

In the above analysis, we use a contamination correc-
tion that is independent of redshift and galaxy type (qui-
escent or star-forming). There are, however, several con-
tamination effects that are likely larger for star-forming
galaxies than for quiescent galaxies. These contami-
nants may artificially boost the late-stage merger frac-
tion at high redshift. Correcting for these effects will
lower the merger-rate evolution rate. The star-forming
galaxy merger rate is particular sensitive to morpholog-
ical k-corrections and the overall increase in the frac-
tion of clumpy, star-forming galaxies at high redshift.
This increase in the contamination will lead to an arti-
ficial increase in the merger rate for star-forming galax-
ies at high redshift. However, as demonstrated in §4.1
and Appendix A, the overall contamination rate from
non-merging galaxies is ~ 10%, while the completeness
is only ~ 20%, and the former only depends weakly on
redshift. We expect the effects of incompleteness to dom-
inate over any effects from contamination, and the results
presented above to be robust, despite the large correction
for incompleteness and contamination.

5. PROPERTIES OF LATE-STAGE MERGERS

To study the internal properties of late-stage mergers,
we limit our parent sample to galaxies from the spectro-
scopic zCOSMOS survey (Lilly et al. 2007, 2009). The
‘bright” zCOSMOS sample contains spectra for ~ 20, 000
galaxies (I < 22.5). The zCOSMOS sample should be
a subsample of the K-band selected sample from Ilbert
et al. (2013) described above, but differences in masking
mean that some zCOSMOS galaxies are missing from the
photo-z sample. To ensure no galaxies are missing, we
rerun our merger selection algorithm on postage stamps
generated from the zCOSMOS parent sample. The fi-
nal sample is selected in the same way as that used in

Kampezyk et al. (2013) and Silverman et al. (2011) to
study the SFRs and AGN properties of kinematic pairs.
Below, we compare the properties of late-stage mergers
to both the parent zCOSMOS sample and more widely
separated kinematic pairs from the same parent sample.

Because these galaxies are observed in zCOSMOS, we
use the spectroscopic redshifts, and stellar masses from
Pozzetti et al. (2010) and Bolzonella et al. (2010). These
stellar masses use the spectroscopic redshifts and are
in good agreement with those measured in Ilbert et al.
(2013) using photometric redshifts. For the analysis be-
low, we examine galaxies with M, > 2.5 x 10'°Mg, in
the redshift range 0.25 < z < 1.05, the same mass and
redshift range used in kinematic pair studies in zCOS-
MOS (Silverman et al. 2011; Kampczyk et al. 2013). For
the analysis of the SFR (§5.1), we remove all sources
with a Chandra or XMM detections. This leaves a sam-
ple of 4586 galaxies of which 154 are classified as late-
stage mergers. We use the non-merging galaxies from
the parent zCOSMOS sample as a control sample. We
first check that the control sample is well-matched to the
merger sample in stellar mass and redshift. Since AGN
activity, SFR and, in this sample of galaxies, sSSFR (see
Maier et al. 2009), are strong functions of M, and z, it
is important that the late-stage merger sample is not bi-
ased relative to the control sample. Kolmogorov-Smirnov
(K-S) tests show that both the mass and redshift distri-
butions for late-stage mergers and the control sample are
indistinguishable.

5.1. Star formation in late-stage mergers

Simulations show that some galaxy mergers lead to en-
hanced star formation (e.g., Hernquist 1989; Di Matteo
et al. 2007; Mihos & Hernquist 1996; Barnes & Hernquist
1991; Springel et al. 2005; Hopkins et al. 2006). There is
also much observational evidence to support this conclu-
sion. Galaxies identified as mergers are often bluer (e.g.,
Kampczyk et al. 2007; Darg et al. 2010a) and show en-
hanced UV and IR SFR (e.g., Jogee et al. 2009; Robaina
et al. 2009). Spectroscopy confirms that galaxies in close
pairs have higher SFRs than isolated galaxies (e.g., Bar-
ton et al. 2000; Lambas et al. 2003; Kampczyk et al. 2013;
Ellison et al. 2013). Studies of far-infrared selected galax-
ies show that galaxies with very high SFRs are much
more likely to have disturbed morphologies than galaxies
with typical SFRs (e.g., Sanders & Mirabel 1996; Kar-
taltepe et al. 2010). In this section, we compare the SFR
in late-stage mergers to that of isolated galaxies. Our
control sample of isolated galaxies is simply the set of
zCOSMOS galaxies that are not identified as late-stage
merger candidates.

Figure 12 shows the narrow 4000-Angstrom break
(Balogh et al. 1999) for late-stage mergers and the con-
trol sample. As expected, at fixed stellar mass, the late-
stage mergers have a lower median D,,(4000) than the
control sample. This is indicative of recent, within the
last Gyr, star formation in the late-stage mergers. A K-
S test shows that the distributions of D,,(4000) for the
late-stage mergers and the control sample are distinct.
At masses below log M /Mg = 10.7, there are almost no
quiescent late-stage mergers. This indicates that a signif-
icant fraction of star formation may be associated with
mergers.

We use the SFR computed from the 24um flux as mea-
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Figure 12. The distribution of the narrow 4000 A-break for late-
stage mergers (red) and the parent sample (black) from zCOSMOS.
The galaxies are divided into two mass bins. In the upper(lower)
panel, there are 1582(2375) control galaxies and 69(67) merging
galaxies. The corresponding vertical lines show the medians of
each distribution. The median D,,(4000) for late-stage mergers is
smaller in both mass bins, indicating most late-stage mergers have
undergone recent star formation.

sured by Spitzer/MIPS (Sanders et al. 2007; Le Floc’h
et al. 2009). The total infrared luminosity, Lig is com-
puted using the SED models from Dale & Helou (2002)
and the photometric redshifts from Ilbert et al. (2009)
and Salvato et al. (2009) for X-ray sources. Below z ~ 1,
the 24um flux is an accurate measure of the total infrared
luminosity (e.g., Elbaz et al. 2010). From the infrared lu-
minosity, the total SFR is given by Kennicutt (1998) is

SFR [Mg yr '] =4.5 x 107" Lig /L . (2)

We only utilize sources with a 24pm-detection and a
measured SFR. This limits our sample to 2318 galax-
ies, of which 111 are late-stage mergers. Among galaxies
with non-zero 24um-based SFRs, the fraction of late-
stage mergers is 4.8 + 0.5%; in the full zCOSMOS sam-
ple, the fraction of late-stage mergers is 3.34+0.3%, which
demonstrates that the fraction of star forming galaxies
in late-stage mergers is higher than in isolated galaxies.
Figure 13 shows the cumulative distributions of the
specific star-formation rate (sSFR) for both late-stage
mergers and galaxies in the control sample. The sSFR
is calculated from the 24um-based SFR and the stellar
mass from Pozzetti et al. (2010). The measured stellar
mass is increased by a factor 1.8 to account for a differ-
ence in IMF: Pozzetti et al. (2010) use a Chabrier IMF
while the SFR is computed assuming a Salpeter IMF
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Figure 13. The cumulative distribution of sSFR for late-stage
mergers and non-interacting galaxies from the zCOSMOS sample.
The sSFR is derived from the Spitzer/MIPS 24um flux. The me-
dian sSFR in late-stage mergers is a factor of 2.1 £ 0.6 higher than
that in non-interacting galaxies.

(Kennicutt 1998). Figure 13 shows that the distribu-
tion of sSFR is skewed to higher values for mergers than
other galaxies in the parent sample. A K-S test shows
that the two distributions of sSFR are distinct. The me-
dian sSFR in late-stage mergers is enhanced by a factor
of 2.1 + 0.6 over the sSFR in the parent sample. This
demonstrates that star formation in late-stage mergers
proceeds at only a moderately higher rate than star for-
mation in isolated galaxies. Using the slightly larger and
deeper photo-z parent sample with the same stellar mass
and redshift limits, we find a similar enhancement in the
24pum-derived sSFR in late-stage mergers.

As with the merger rate, the association of late-stage
mergers with star forming galaxies may be affected by
contamination from clumpy, star-forming galaxies, par-
ticularly at high redshift. Our peak-finding method may
identify clumpy, star-forming galaxies as late-stage merg-
ers, which would enhance the typical sSFR in late-stage
mergers. However, we show in §4.1 that the contamina-
tion from non-merging, but clumpy, galaxies in ~ 10%.
Furthermore, the enhancement measured here is com-
parable or less than that measured using other merger
selection methods, strengthening our claim that the con-
tamination from star-forming, isolated galaxies is small.

Kampezyk et al. (2013) draw similar conclusions about
the [O 11] A3727-derived sSFR in kinematically-selected
close pairs (see their Figure 13). They find the sSFR

in pairs with separations smaller than 30 hl_olo kpc is en-
hanced by factors of 2—4 compared to a stellar mass- and
redshift-matched control sample. Using the [O 11] A\3727
emission line as a SFR indicator (Moustakas et al. 2006;
Maier et al. 2009), we also find an enhancement of
2.0 £ 0.5 in the median sSFR in late-stage mergers. The
agreement between the 24um- and [O 11)-derived sSFRs
suggests that the extinction in late-stage mergers is not
significantly different from that in field galaxies. How-
ever, the mean sSFR computed using [O 11] emission is a
factor of ~ 4 lower than the 24pum-derived sSFR.

We can add our sample of late-stage mergers to the
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more widely separated pairs in Kampczyk et al. (2013)
to obtain the fraction of star formation due to merging
galaxies separated by less than 30 hl_olo kpc in the redshift
range 0.25 < z < 1.05. Kampczyk et al. (2013) report
that 6 + 1% of galaxies are in kinematic pairs with pro-
jected separations smaller than 30 hjy, kpc. The sSFR
in these galaxies is enhanced by a factor of 1.9 + 0.6. In
the same sample, we find 3.3 +0.3% of galaxies are late-
stage mergers, which have sSFRs 2.140.6 times above the
median sSFR in the whole sample. Therefore, 18 + 5%
of star formation is associated with mergers, but only
8 + 5% of all star formation can be considered “excess”
star formation triggered by mergers. This modest en-
hancement in the star formation due to major mergers
agrees with other studies of visually classified mergers
and close pairs (Robaina et al. 2009; Jogee et al. 2009).
In addition, these results also agree with semi-analytic
models (Somerville et al. 2008), which report that only
7% of star formation is directly associated with major
mergers.

Since the enhancement in sSFR for late-stage merg-
ers is small, we note that these systems are not star-
burst galaxies. The small shift in the SFR for late-stage
mergers agrees with the analysis by Sargent et al. (2012).
They suggest that the sSFRs for starburst galaxies and
main sequence star-forming galaxies form a double Gaus-
sian, in which the means are offset by only a factor of ~ 4.
This is in contrast to other definitions of starburst galax-
ies, requiring SFRs an order of magnitude higher than
predicted by the star-forming main sequence. While the
majority of starburst galaxies are major mergers (e.g.,
Sanders & Mirabel 1996; Kartaltepe et al. 2010; Wu et al.
1998; Cui et al. 2001), the majority of late-stage mergers
in our study are not starburst galaxies.

5.2. AGN fraction

In addition to triggering star formation, major merg-
ers may drive black hole growth through AGN activity.
Mergers can induce disk instabilities in coalescing galax-
ies that drive gas to the center of galaxies. This gas is
used up in both star formation and feeding the black hole
(e.g., Mihos & Hernquist 1996). Many simulations show
that the periods of most intense star formation and black
hole growth occur in late-stage mergers near coalescence
(Mihos & Hernquist 1996; Springel et al. 2005; Di Mat-
teo et al. 2007; Johansson et al. 2009). While simulations
suggest that luminous accretion at high rates (i.e. QSOs)
is dominated by major mergers, more than half of low-
luminosity (log Lyol./Le S 11), low-accretion-rate AGN
activity can be fueled by stochastic, non-major merger
processes (e.g., Hopkins & Hernquist 2006; Hopkins et al.
2013). This agrees with studies of AGN host galaxies
that demonstrate that most AGNs occur in galaxies with
undisturbed (non-merging) morphologies (e.g., Cisternas
et al. 2011; Kauffmann et al. 2004; Schawinski et al. 2011;
Liu et al. 2012; Kocevski et al. 2012). Nonetheless, there
are many observations that show some enhancement in
nuclear activity in galaxy pairs (Alonso et al. 2007; Sil-
verman et al. 2011; Ellison et al. 2011; Koss et al. 2012;
Ellison et al. 2013; Woods & Geller 2007, but see Darg
et al. 2010a; Li et al. 2008; Barton et al. 2000). Us-
ing spectroscopic pairs out to z ~ 1, Silverman et al.
(2011) show that the fraction of X-ray selected AGN with

10%2 < Lo 5_10kev < 10%* erg s~ ! increases from 3.84_'8:‘2%

for isolated galaxies to 9.7772% for galaxies in pairs with
a maximum projected separation of 75 kpc and a line-of-
sight velocity separation less than 500 km s~ . Despite
this enhancement, only ~ 25% of AGN activity occurs
in galaxy pairs, and an even smaller fraction, ~ 18% of
AGN activity is triggered by close interactions.

We can improve the estimate of the fraction of AGNs
due to merging by including late-stage mergers with the
kinematic galaxy pairs in Silverman et al. (2011). To
simplify the comparison, we use a parent sample iden-
tical to that of Silverman et al. (2011), and described
above (log M./Mg > 10.4 and 0.25 < z < 1.05). We
select AGN based on their X-ray flux as measured by
Chandra (Elvis et al. 2009). Owning to the limited area
of the Chandra survey, the zCOSMOS parent sample
used here only contains 3474 galaxies of which 112 are
late-stage mergers. The X-ray sources are matched to
optical /TR sources as described in Civano et al. (2012).
As in Silverman et al. (2011), we only consider X-ray
sources with total fluxes (0.5 — 10 keV) greater than
1 x 107" erg cm~2s~! and luminosities brighter than
2x10%% erg s~!. The latter requirement eliminates galax-
ies in which the contribution from star formation to the
X-ray flux is not negligible. Ninety-five percent of the X-
ray sources have luminosities Lo 5_10key < 10** erg s71,
suggesting that most of the AGN hosts we examine are
not AGN-dominated in the optical/NIR, and that the
derived properties, especially stellar masses, are reliable
(Bongiorno et al. 2012; Salvato et al. 2011). The final
sample contains 164 Chandra X-ray sources, which are
certain to be AGN-dominated. Figure 14 shows the 6
late-stage mergers that are also X-ray selected AGN.

The left panel of Figure 15 shows the AGN fraction
as a function of pair separation for our sample of late-
stage mergers(filled square) and for more widely sepa-
rated kinematic pairs (Silverman et al. 2011) drawn from
the same parent sample. We define the AGN fraction as
the fraction of late-stage mergers (close pairs) with as-
sociated X-ray sources. We compute the AGN fraction
as in Silverman et al. (2011), equation 1. This formula
down-weights compulsory zCOSMOS targets that are X-
ray selected and likely to be AGNs (Lilly et al. 2007). It
also accounts for the spatially varying Chandra sensitiv-
ity by weighting each AGN by the fraction of galaxies in
which the measured X-ray flux is below the sensitivity,
i.e., the fraction of galaxies that could host each AGN.
The values for the kinematic pairs in the left panel of
Figure 15 are taken from the Bayesian likelihood anal-
ysis in Silverman et al. (2011). This method takes into
account contamination of the control sample by galaxies
in kinematic pairs in which only one member is observed
spectroscopically. Since late-stage mergers fall into a sin-
gle slit, this more sophisticated approach for calculating
the AGN fraction is unnecessary. We find 6 late-stage
mergers that are also X-ray selected AGN. Although the
statistics are poor, the AGN fraction among late-stage
mergers is 6.4 +2.5%. This is marginally consistent with
the AGN fraction in the field, 3.8703% (Silverman et al.

2011). At 95% confidence, we find that the AGN fraction
in late-stage mergers is enhanced by less than a factor of
3.0, with a mean value of 1.7+ 0.7, compared to the con-
trol sample, in agreement with (although less stringent
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Figure 14. Images of the six late-stage mergers that are also X-ray selected AGN. The (blue) contours show the total (0.5 — 7.0 keV)
flux from Chandra (Elvis et al. 2009). The (cyan) crosses show the position of the two peaks found by our merger-finding method. The

galaxy in the lower middle panel may be a spiral galaxy.
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Figure 15. Left: The fraction of AGN in galaxy pairs at various
projected separations. The 3 rightmost points are from Silverman
et al. (2011) (see their Figure 5). The empty symbol is the field
value, corrected for unidentified kinematic pairs. The square shows
the AGN fraction in late-stage mergers (6 mergers). The points are
plotted at the median separation in each bin, and the horizontal
error bars denote the interquartile range (25%—75%) of the galaxies
in each bin. Right: The AGN fraction in pairs in two redshift bins.
The squares denote late-stage mergers. There are no late-stage
mergers in the low redshift bin and the error bar denotes the lo
upper limit. The filled and empty circles are the AGN fraction
in pairs separated by < 75kpc, and the field, respectively, and are
taken from Silverman et al. (2011). Note that in this panel, the field
AGN fractions are not corrected for contamination by kinematic
pairs and should be ~ 0.5 — 1% lower.

than) Cisternas et al. (2011).

Given the upper limit on the enhancement of AGN
activity associated with late-stage mergers, we can com-
pute an upper limit for the AGN activity triggered by
mergers. Following the same procedure as §5.1, the late-
stage merger fraction in this sample is 3.040.3% and the
enhancement in the AGN fraction is at most a factor of 3
above the control sample. Therefore, the fraction of AGN
activity associated with late stage-mergers is < 9.0+0.9%
and the fraction of AGN activity triggered by late-stage
mergers is at most 6.0 +0.9%. Using the measured mean
value for the AGN enhancement (1.7 £ 0.7), the frac-
tion of AGN activity triggered by late-stage mergers is
2+2%. While Silverman et al. (2011) find approximately
1/4 of AGN are associated with kinematic pairs closer

than 143 kpc, only 17.8739% of AGN can be directly
contributed to the pair interaction. Combining the kine-
matic pairs with our late-stage mergers gives a total frac-
tion of AGN activity triggered by mergers of ~ 20 4= 8%.
As expected, including late-stage mergers does not sig-
nificantly increase the fraction of AGN activity produced
by major mergers.

The right panel in Figure 15 shows the AGN fraction
in pairs divided into two redshift bins of 0.25 > z < 0.65
and 0.65 > z < 1.05. Among late-stage mergers, all 6 X-
ray selected AGN occur above z = 0.65. This boosts the
AGN fraction at high redshift to 11.5 + 4.2%, which is
statistically above the value for the field, and comparable
to the boost seen for kinematic pairs separated by less
than 75 kpc (Silverman et al. 2011). Note that in the
right panel of Figure 15, the field AGN fraction is not
corrected for contamination by kinematic pairs in which
only one galaxy is observed. Since kinematic pairs have
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a larger AGN fraction than the field sample, correcting
for this contamination will likely lower the field AGN
fraction by ~ 0.5 — 1%. Below z ~ 0.65, none of our
late-stage mergers are also X-ray AGN. The error bar in
Figure 15 shows the 1o upper limit for the AGN fraction,
which is consistent with the AGN fraction in the field,
albeit with large uncertainty. Although our results rule
out a decrease in the merger rate at close separations,
and suggest some enhancement in the AGN fraction at
z 2 0.7, a larger sample is required to determine if any
enhancement in the AGN rate for late-stage mergers is
statistically significant.

From the X-ray and optical images alone, it is un-
clear whether any of the late-stage mergers with AGN
are dual AGNs. The possible dual AGN, CID-42 (Com-
erford et al. 2009; Civano et al. 2010), is excluded from
the sample above since its measured stellar mass is below
2.5 x 101°M,. However, our method does select CID-42
as a late-stage merger. We have examined the spectra
for the 6 mergers with AGN and find no evidence for ve-
locity offsets, suggesting that only one of the black holes
in the system is actively accreting. Nonetheless, since
the late-stage mergers are selected to have two, concen-
trated central cores, this sample would be well-suited to
searches for galaxies with dual AGN.

5.2.1. AGN in the photo-z sample

We can check the fraction of mergers with AGN using
the photo-z sample. For the photo-z sample, we use the
same stellar mass and redshift cuts as the spectroscopic
sample. We exclude X-ray sources that are best-fit by a
Type I AGN/QSO template (Salvato et al. 2011).Since
we identify late-stage mergers based on the flux ratio of
two central peaks, our method is poorly suited to se-
lecting companions of bright Type I AGN, in which the
optical flux is dominated by a single point source. This
means that the AGN fraction reported here is for lower-
luminosity, obscured AGN, not bright Type I AGN.

Using the photo-z sample, we find 8 late-stage
mergers that are Chandra-detected X-ray AGN with
Lig5-10 kev] > 2% 10% erg s™!, 4 of which are also iden-
tified in the spectroscopic sample. The missing 2 galax-
ies are excluded because of differences in the masking in
the K —band and I—band selected catalogs, used for the
photo-z and spec-z samples (see Ilbert et al. 2013; Lilly
et al. 2007). These 8 late-stage mergers yield an AGN
fraction of 5+2%, consistent with the AGN fraction frac-
tion found above and that in the field. Because of the
high degree of overlap between the photo-z and spec-z
galaxy samples, all our results on the AGN fraction are
highly correlated and do not add significant statistical
power. Complete coverage of the COSMOS area with
Chandra will improve the statistics of these results by a
factor ~ 2 and yield a larger sample of AGNs associated
with mergers (Civano et al., in prep).

As with the star-formation rates, we find that, al-
though AGN activity may be slightly enhanced in late-
stage mergers, mergers do not drive the majority of AGN
activity, hence black hole growth. Including late-stage
mergers along with more widely separated pairs, only
~ 20% of AGN activity is triggered by mergers, and late-
stage mergers are responsible for at most 6% of AGN ac-
tivity. The small fraction of AGN activity associated
with close pairs agrees with previous studies (Ellison

et al. 2013; Alonso et al. 2007) and suggests that mi-
nor mergers and secular processes within galaxies drive
the majority of low-luminosity AGN activity. Similarly,
while the SFR of late-stage mergers is typically higher
than that of isolated galaxies, the enhancement is less
than a factor of 2 and only 8 + 5% of star formation can
be contributed to kinematic pairs and late-stage merg-
ers. The similarity between the AGN enhancement and
SFR enhancement in merging galaxies (see also Silver-
man et al. 2011) suggests that star formation and AGN
activity may be physically coupled, as expected from sim-
ulations of gas-rich major mergers (Mihos & Hernquist
1996; Barnes & Hernquist 1992; Hernquist 1989; Hopkins
et al. 2006, 2008).

It is possible that our focus on late-stage mergers ig-
nores other phases of galaxy merging with larger en-
hancements in AGN activity and star formation (see
Scudder et al. 2012). The bright QSO phase may oc-
cur when the two nuclei are closer to coalescence (e.g.
Di Matteo et al. 2005; Hopkins et al. 2008). How-
ever, by combining kinematic pairs with late-stage merg-
ers, we can observe galaxy mergers from separations of
100 h1_010 kpc until shortly before coalescence. Further-
more, the 0.5 — 8 keV X-ray selection for AGN may ex-
clude highly obscured AGN, which would be visible in
the infrared (e.g., Satyapal et al. 2014) or harder X-ray
bands (e.g., Koss et al. 2011). Using WISE-selected AGN
in SDSS, Satyapal et al. (2014) find an enhancement of
the AGN fraction in nearby post-merger galaxies of a fac-
tor 10— 20, suggesting the AGN in late-stage mergers are
highly obscured. Nonetheless, the low enhancement in
X-ray selected AGN and star formation activity in late-
stage mergers and kinematic pairs reconfirms the results
that galaxy and black hole growth are not solely driven
by major mergers.

6. SUMMARY

Although mergers of dark matter halos underpin theo-
ries of structure and galaxy formation, the actual role of
galaxy mergers is less clear. In this work, we seek to ex-
pand the study of merging galaxies to galaxy pairs with
small separations. By including late-stage mergers with
samples of more widely separated (as of yet not merg-
ing) pairs, we can obtain a clearer understanding of the
role of mergers in galaxy evolution since z =~ 1. To that
end, we develop a method to identify late-stage galaxy
mergers using HST images.

We utilize a high-pass filter that easily detects the
bright, concentrated, central cores of both member galax-
ies of a merger before coalescence. By implementing
limits on the flux ratio and brightness of the measured
peaks, we are able to produce a clean sample of 2055
galaxy mergers from COSMOS ACS [—band images of
galaxies brighter than I = 23. These late-stage merg-
ers have two intact galaxy nuclei that are separated by
less than 8 kpc. If we restrict the parent sample to a
mass-complete (log M, /Mg > 10.6) sample of galaxies in
the redshift range 0.25 < z < 1.0, with pair separations
between 2.2 and 8 kpc, we find 136 late-stage mergers,
which represents 2.3 + 0.2% of the massive galaxy pop-
ulation, or 4.8 4= 0.5% when corrected for contamination
and incompleteness. The sample of late-stage mergers
identified here is distinct from other samples of merging
galaxies, such as kinematic pairs, and morphologically
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disrupted galaxies identified by CAS or Gini/M20.

We create mock images of mergers by placing two
real galaxies in one postage stamp and use these to test
the completeness and contamination in our sample. Al-
though the sample suffers little from contamination (10%
from clumpy, non-merging galaxies and 20% from minor
mergers), we only successfully select ~ 20% of all ma-
jor mergers, and the selection efficiency decreases with
increasing redshift. Our method is most successful for
mergers between concentrated early-type galaxies, select-
ing 80% of all simulated mergers, independent of red-
shift.

Using our sample of late-stage mergers, we study both
the evolution of the merger rate and the properties of
merging galaxies. Our results can be summarized as fol-
lows:

e For galaxies with stellar masses above log M /Mg >
10.6, we find that the fraction of mergers evolves as
fmerge < (1 + 2)3:8%0-9 when corrected for incom-
pleteness, and contamination from minor mergers,
non-mergers and line-of-sight superpositions. De-
spite uncertainties in the sample completeness and
the merger timescale, Typs, the normalization of the
fractional merger rate, Rierge, agrees well with that
found in previous studies. The measured evolution
in the merger rate becomes significantly flatter if
we remove the redshift-dependent correction for in-
completeness of the sample, Ryperge o (142)0-8E0-8,

e Dividing the sample into quiescent, star-forming,
low-mass, and high-mass galaxies, we find that the
merger rate for star-forming galaxies is a strong
function of redshift, Rmerge x (1 + 2)4'5i1'3, while
that for quiescent galaxies is a mild function of red-
shift, consistent with no evolution, (1 4 z)!1#12,
Therefore, among massive galaxies, the increase in
the total merger rate is driven by the increase in
the merger rate for star-forming galaxies and by
the larger fraction of massive star-forming galaxies
at high redshift. Lower mass (10.6 < log M /Mg <
10.9) galaxies also exhibit a steeper merger rate
evolution than higher mass (log M/Mg > 10.9)
galaxies of (14 2)%!*13 compared to (1+z)2 711,
These results use different corrections for complete-
ness for star-forming (late-type) mergers and qui-
escent (early-type) mergers. Although the merger
rate slopes are not as steep without the correc-
tions for incompleteness, the merger rate for star-
forming (low-mass) galaxies still evolves more with
redshift than that of quiescent (high-mass) galax-
ies. This shows that the differences in the merger
rates as a function of stellar mass and SFR are ro-
bust. Furthermore, these differences suggest that
measurements of the merger rate as a function of
redshift are very sensitive to the sample of galaxies.

e Examining the properties of late-stage mergers,
we find that the SFR in late-stage mergers with
log M./Mgs > 10.4 is enhanced by a factor of
2.1 £ 0.6 compared to non-interacting galaxies.
This is similar to the enhancement found for kine-
matic galaxy pairs using the same parent sample
(Kampezyk et al. 2013). Only 18 + 5% of star for-
mation between z = 0.25 and z = 1.05 is associated

with late-stage mergers or pairs separated by less
than 30 hyg, kpc. However, the excess star forma-

tion that can be attributed to major mergers is only
half of that.

e The AGN fraction in late-stage mergers at z > 0.5
is enhanced by a factor of 2.2+0.8 compared to the
field. For the entire redshift range, 0.25 < z < 1.05,
we do not measure a statistically significant en-
hancement in AGN activity. At most, the AGN
activity in late-stage mergers between 0.25 < z <
1.05 is enhanced by a factor of 3 above the activity
in field galaxies. Together with more widely sepa-
rated pairs, 20 + 8% of AGN activity is induced by
mergers at separations less than 143 kpc. The frac-
tion of AGNs triggered by late-stage mergers and
kinematic pairs is similar to the fraction of SFR ac-
tivity triggered by the same class of mergers. This
suggests that the processes responsible for star for-
mation and AGN activity in major mergers may be
coupled, indicating a co-evolution scheme (Jahnke
et al. 2009; Cisternas et al. 2011; Schramm & Sil-
verman 2013).

The measurement of the blue galaxy merger rate is par-
ticularly sensitive to morphological k-corrections and the
increasing fraction of blue, star-forming, clumpy galax-
ies at high redshift. Because galaxies appear clumpier at
blue rest-frame wavelengths and the entire galaxy pop-
ulation contains more clumpy, star-forming galaxies at
high redshift, we expect our peak-finding method to de-
tect more late-stage merger candidates at high redshift.
We plan to address this by applying our peak-finding
method near-infrared data WFC3 HST data from the
CANDELS survey (Koekemoer et al. 2011; Grogin et al.
2011). Performing this study at longer wavelengths may
also help increase the completeness of our merger sam-
ple. Galaxies appear more bulge-dominated and con-
centrated at longer wavelengths and our merger-finding
method is significantly more sensitive to mergers between
concentrated, early-type galaxies than mergers between
late-type galaxies.

Although we have examined the SFRs and X-ray emis-
sion of late-stage mergers, resolved properties of the
mergers require additional data. For instance, we have a
sample of ~ 20 late-stage mergers with significant X-ray
detections and 2 concentrated central cores. Although
the X-ray detection cannot resolve the merging galaxies,
these sources provide an excellent parent sample for spec-
troscopic searches for dual AGN (e.g., Comerford et al.
2009; Liu et al. 2010; Civano et al. 2010). By focus-
ing only on X-ray AGN, we are only studying a subset
of AGN. There are many AGN selected in JRAC (Don-
ley et al. 2012), radio (Smolci¢ et al. 2008), and opti-
cal/infrared (Fiore et al. 2008; Dey et al. 2008) data. In-
creasing the sample size of AGN will increase the number
of AGN in late-stage mergers. Further work is needed to
determine if the fraction of AGN activity associated with
late-stage mergers also increases using AGN selected in
the optical, infrared, or radio.

Obtaining a sample of late-stage mergers in the redshift
range 1 < z < 2 would allow us to continue to measure
the evolution of the merger rate at higher redshifts. Re-
cent spectroscopic studies suggest that the merger rate
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jor mergers in the growth of galaxies and super-massive
black holes at their peak epoch of formation.

APPENDIX
APPENDIX A: SIMULATED MERGER IMAGES

In order to test our merger-finding algorithms, we create a sample of mock mergers by coadding real galaxy images
from our original sample to create new postage stamps. These fake merger images have the same properties as the real
galaxy images and allow us to test both the completeness and contamination of our merger selection. In particular,
the mock mergers have the same redshifts, magnitudes, morphologies, and merger ratios as the real galaxy population.
Because the fraction of real mergers is small, they represent a small contamination in our sample of mock mergers.
While these simulations are realistic in many ways, they do not include any structural changes wrought by the merger
in the images. Since our method is sensitive to only the brightest features in mer%ing galaxies, this omission is
likely unimportant. Below, we focus on mergers with total masses larger than 4 x 10'*°M and in the redshift range
0.25 < z < 1.0. These are the cuts in §4 and ensure the sample is complete at all redshifts.
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Figure 16. Example mock merger images. The circles show the position of the coadded galaxies, while the crosses show the positions of
the detected peaks. Both galaxy mergers on the right are sucessfully detected and pass the cuts implemented to remove contaminants. For
the merger in the upper left, both galaxies are late-type and too diffuse to be detected. For the merger in the lower left, the flux ratio of
the two galaxies is below our detection threshold.

To create mock-merger postage stamps, we randomly select 2400 galaxies from our photo-z sample. For each selected
galaxy, we select at random a second galaxy at approximately the same photometric redshift (Az < 0.02) as the first
selected galaxy. This ignores any contamination from chance superpositions at widely different redshifts, which we
address statistically in §4.1. We then coadd the HST/ACS postage stamp images of these galaxies. For each galaxy
pair, we make 8 postage stamps with different separations between the galaxy centers, spanning from 0.1 to 10 kpc.
Using the ZEST morphology parameter (Scarlata et al. 2007), we create 3 additional samples of 1200 mock mergers
with specific morphologies: a sample of mergers between two early-type galaxies (ZEST=1), a sample between late-
type galaxies (ZEST=2), and a mixed sample (ZEST=1 and 2). We apply the median ring filter to all these mock
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Figure 17. The completeness of the late-stage major mergers in simulated images as a function of redshift, before applying cuts in flux
ratio for contamination (left) and after applying cuts (right). The thick black line shows the completeness for a random sample of galaxies,
with a representative morphological mix. The other lines show the completenesses for mock mergers in which the merging galaxies are
both early types (red, solid), both late types (blue, dotted), and mixed (magenta, dashed). The morphologies are determined by the ZEST
parameter. The errors are derived by bootstrap resampling. The completeness is a stronger function of morphology than redshift.

images and examine the results. Figure 16 shows four example mock-merger images. The circles denote the two
galaxies that have been super-imposed. Owing to the coaddition, these mock images are a factor of v/2 noisier than
the original images. However, because we are creating merger images by coadding images from our sample, the mock
mergers are up to a factor of 2 brighter than the real galaxies in the sample. These effects approximately cancel out
and we neglect the differences in signal-to-noise ratio between the mock mergers and the real galaxy images.

Figure 16 also demonstrates that our method does not detect all mock mergers (blue xs in Figure 16). Our selection
is particularly incomplete for mergers among late-type galaxies, in which neither galaxy has a dominant bulge. The
left panel of Figure 17 indicates our completeness as a function of redshift (black solid line). In this figure, we examine
the completeness for major mergers (> 1: 4) with separations between 2.2 and 8.0 kpc, without applying any cuts in
flux ratio, while the right panel includes cuts in flux ratio (see below). Beyond z ~ 0.5, our method only detects 20%
of the mock late-stage mergers. Dividing the sample by the ZEST morphology of the merging galaxies shows that the
completeness is a strong function of morphology. The median ring filter selects 80% of early-type mergers, but only
~ 40% of late-type mergers. This is expected, since our method requires a strong central bulge in order to detect a
peak. When comparing the merger rates of early- and late-type galaxies, we find they have very different completeness
fractions. Furthermore, the decrease in the completeness up to z ~ 0.5 leads to an underestimate of the merger-rate
evolution, as we are missing about twice as many galaxies at high redshift than at low redshift.

Figure 18 shows the completeness as a function of pair separation, similarly divided by galaxy morphology. For all
morphologies, the completeness is independent of pair separation beyond ~ 2 — 3 kpc. This is driven by the size of
the median ring filter (2.2 kpc at z = 1). The lower panel shows the fractional error in our measurement of the pair
separation. For large separations, the separation is well-measured. However, for small real separations, the measured
separation is typically too large. By cutting off the pair separations at 2.2 kpc, we introduce some contamination
from pairs at smaller separations, particularly at lower redshifts. Determining the exact fraction of this contamination
would require knowledge of the spectrum of real pair separations, which we have not included in these simulations.
However, we can assume that the number of mergers at small separations is smaller than those at large separations
and that this contamination is small. In particular, the contamination from other galaxy structures and minor mergers
is likely to be much larger, and can be measured using our simulated merger images.

Because our mock-merger images use real galaxies, we can ascertain how often galactic sub-structures, such as bars,
spiral arms, and star-forming clumps, are selected by the median ring filter. These features are typically fainter than
galaxies, and by applying a cut to the ratio of the peak flux to the total galaxy flux, we can eliminate a substantial
fraction of the contamination for galaxy substructure. Figure 19 shows the distribution of peak fluxes for peaks
associated with merging galaxies and peaks associated with galaxy substructure. The substructure peaks are typically
fainter. To eliminate these detections, we require that the detected peaks contain at least 3% of the total galaxy flux.
This reduces the contamination by extraneous peaks to ~ 10%, while keeping the completeness of detected peaks at
~ 80%. Lowering this threshold to 0.5% does not significantly affect our results. Before applying our method to
different imaging data, similar simulations should be conducted in order to determine the threshold value.

In addition to contamination from star-forming clumps and galactic substructure, our merger-finding method is
somewhat sensitive to minor mergers. Since we are only interested in studying late-stage major mergers, it is important
to understand the contamination from minor mergers. To create a mock merger sample with a realistic fraction of
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Figure 18. Top: The completeness of the mock mergers as a function of pair separation. Note that each galaxy pair was simulated at a
discrete set of separations. The completeness drops sharply for separations comparable to the median ring filter size. The different lines
show the completeness for different morphologies of the members of the merger, as in Figure 17. The vertical line shows the cut made in
separation at 2.2 kpc. Bottom: The fractional error in the measured peak separation compared to the real separation for the ‘random’
sample of morphologies only. The separation is reasonably well measured beyond a few kpc. However, small separations are typically
overestimated, which will lead to contamination of our sample by mergers with separations < 2.2 kpc.
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Figure 19. Distribution of the detected peak-flux ratios. The thick line histogram shows the distribution of peak-to-total flux for detected
galaxy sources in the mock merger images. The thin line shows the distribution of extraneous peaks detected. By putting a cutoff at 3%,
the contamination from extraneous peaks is 10%.

minor mergers, we build a sample of 2400 mock mergers in which one member of the pair is brighter than I = 20.5.
This ensures that, from a sample of galaxies with I < 23, we select a realistic distribution of merger ratios down to
1 : 10. Note that our algorithm only measures the flux ratio of the merger, not the underlying mass ratio, which
requires color information about the separate galaxies. The conversion between flux ratio and mass ratio is most
fraught in the case of mixed mergers, i.e., mergers between star-forming and quiescent galaxies. However, in our mock
merger images, we find that the real flux ratio of a merger is on average strongly correlated with the mass ratio, and
that the flux ratio of 0.25 corresponds approximately to a mass ratio of 0.25.

Figure 20 shows the contamination rates for our sample of detected mergers, including major and minor mergers,
as well as false positives, i.e. mergers made of star-forming clumps instead of the two galaxies inserted into the mock
image. We exclude mergers with a observed flux ratio smaller than 0.25. Overall, 70% of the detected late-stage
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Figure 20. Top: The fraction of detected mergers that are major mergers (solid line), minor mergers (dashed line) and contaminants
(dotted lines). The major (minor) mergers consist of two galaxies with a flux ratio larger (smaller) than 0.25. The contaminants are
detected late-stage mergers that do not match the mock galaxies placed in each image. These include detections of galactic substructure.
Bottom: The fractional error in the measured flux ratio as a function of real flux ratio. For small real flux ratios, our method typically
overestimates small flux ratios, which leads to a contaimination from minor mergers.

mergers are real major mergers, and only 10% of mergers are false positives, as expected from the peak-to-total flux
cut explained above. The total fraction of minor mergers is 20%, and the contamination is worse at lower flux ratios.
The lower panel in Figure 20 shows the fractional error in the measured flux ratio. While the measured flux ratio
correlates with the real flux ratio, the errors are extremely large, particularly at small real flux ratios. More accurate
measurements of the flux ratio could be obtained by fitting a late-stage merger with two realistic galaxy profiles
centered on each detected peak. However, in this work, we only use the measured flux ratio to discriminate between
major and minor mergers. By only selecting mergers with a flux ratio larger than 0.25, we only eliminate 15% of the
detected major mergers and 30% of minor mergers. Note that the median ring filter is less sensitive to minor mergers
than major mergers, and that many minor mergers are eliminated by the peak-to-total flux cut of 3%. Both of these
effects further help to limit contamination from minor mergers.

Taken together, our cuts in peak-to-total flux ratio, and peak-to-peak flux ratio, do affect the overall completeness,
particularly the late-type galaxy merger completeness. After implementing the flux ratio cuts, the overall completeness
drops to 20 — 25% (see the right panel of Figure 17), with most of the decrease coming from late-type mergers. These
cuts are important since they significantly decrease the contamination from star-forming clumps and minor mergers.
Using the results of Figures 17 and 20, we can correct the measured late-stage merger fractions for incompleteness
and contamination and use the corrected fractions to determine the merger-rate evolution. In studying the internal
properties of late-stage mergers, we cannot include a correction for incompleteness. However, in this case, it is more
important to have a minimally contaminated sample of late-stage mergers, as significant contamination will mask any
differences between the field population and the merger population.

APPENDIX B: COMPARISON OF MEDIAN RING FILTER SELECTION TO CAS AND GINI-M3o SELECTION

To better understand the poor overlap between our sample of late-stage mergers and mergers selected based on their
Gini (G), My and asymmetry (A) values, we examine a small random set of galaxy images. A galaxy is considered a
merger by the Gini-Msg method if G > —0.12M> + 0.38 (Lotz et al. 2008a). A galaxy is considered a merger based
on its asymmetry if A > 0.35 (Conselice 2003). The morphology measurements G, Msg, and asymmetry (A) values
are taken from Cassata et al. (2005). Note that the deblending done by Cassata et al. (2005) leads to different values
for the morphology metrics than those derived directly from the images shown here. However, because we are looking
for merging, deblending close pairs may not always be desirable, and we include differences in the deblending as part
of our comparison.

The Gini-Myp and asymmetry merger selections were designed to work in the rest frame B—band at low redshift
(e.g. Conselice 2003; Lotz et al. 2008a). In order to compare the results to higher redshifts, morphological k-corrections
need to be taken into account. By using galaxies at redshifts above z ~ 0.6, the observed I—band images are close
to the rest frame B—band images and corrections to the measured G, My, and A can be neglected. We do include a
correction of § A = 0.05 for the effect of surface-brightness dimming at high redshift (see Conselice et al. 2009; Conselice
2003; Conselice et al. 2003).



GALAXY MERGERS IN COSMOS 25

a)10:01:07.8 +1:55:55.5 b)10:02:48.1 +2:33:57.6 ¢)09:58:31.7 +2:17:46.7 d)10:01:49.2 +2:10:36.1

z=0.84 My=-1.09 z=0.61 M,,=-1.17 z=0.84 M,,=-1.70 z=0.93 My, =—1.70
A=0.13 A=0.11 A'=0ali3 A=0.21
G =0.41 G=0.44 G =0.54 G =0.50
& '
bt # -
*-
%
8 kpc 8 kpc 8 kpc 8 kpc

€)09:59:48.6 +2:20:30.6 f)10:01:43.2 +2:05:12.7 ¢)10:01:53.7 +2:02:23.1 h)10:01:38.6 +1:39:00.2

z=1.00 Myy=—2.39 z=0.66 M,y=-1.92 z=0.95 M,,=-1.53 z=0.80 Myy=—1.73
A=0.04 A=0.34 & A=0.24 A=0.17
G =0.55 G =0.55 G =0.51 G =0.51

8 Epc 8 Epc 8 Epc 8 Epc

Figure 21. Examples of galaxies which are late-stage mergers but are not detected as mergers by the Gini-Mso method (Lotz et al.
2008a). We only examine galaxies with z > 0.6 in order to minimize the effects of morphological k-corrections to the rest frame B—band.
Crosses show all detected peaks, before any cuts on projected separation or flux ratio. The images are shown with an arcsinh stretch and
with the same scaling.
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Figure 22. Examples of galaxies which are late-stage mergers but are not selected as mergers based on their asymmetry around a 180°
rotation (A > 0.35, (see Conselice 2003)). We use the asymmetry measurements from Cassata et al. (2005) and include a correction of 0.05
for the surface brightness dimming (Conselice et al. 2009). We only use galaxies with z > 0.6, which limits the morphological k-corrections
when comparing to the rest frame B-band. The images have the same stretch and scaling as those in Figure 21.

Figure 21 shows late-stage mergers selected by our method that are not selected by the Gini-My criterion. Panels b,
¢, d, g, and h show galaxies with Gini and My, values close to the division line. In panel a, the detected peaks are well-
separated from the main galaxy and are likely a separate system. In panels e and f, the central peaks are sufficiently
separated to be deblended before measuring the morphology. This will lower the My coeflicient in particular. In
general, the galaxies our merger method selects are highly concentrated, which leads to lower My values than for
other mergers.

Figure 22 shows late-stage mergers with A < 0.35 that are not considered mergers based on their asymmetry.
Galaxies in panels ¢, d, g, and h likely have low asymmetry values due to differences in deblending. Nevertheless, we
note that an equal-mass merger between two similar galaxies will be symmetric about an 180° rotation, which may
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Figure 23. Examples of galaxies which are not late-stage mergers but are selected as mergers by the Gini-Mag method (Lotz et al. 2008a).
The redshift range and the image stretch and scaling are the same as in Figure 21. Most of these systems would be characterized as minor
mergers, and therefore missed by our method.
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Figure 24. Examples of galaxies which are not late-stage mergers but are selected as mergers based on their asymmetry around a 180°
rotation (A > 0.35 (see Conselice 2003)). The images have the same stretch and scaling as those in Figure 21.

contribute to the low A values of systems in panels d and g. As with the galaxies in Figure 21, the galaxies shown
here are highly concentrated, which also tends to lower the asymmetry value.

Figure 23 shows instead the galaxies detected as mergers by the Gini-Ms criterion but not selected as late-stage
mergers. Panels b, ¢, d, g, and h show galaxies with only one bright central peak. The galaxy in panel d may have two
bright nuclei, but they are not separable by our method. The peaks detected in panels a and e are too faint compared
to their host galaxy to be included by our method. Our method would characterize these galaxies as star-forming, not
merging. The peaks detected in panel f are separated by slightly more than 8 kpc and are therefore excluded from
our sample.

Figure 24 shows galaxies that are selected as mergers based on their asymmetry, but not by our median ring filter
method. The asymmetric features in almost all of these galaxies are too faint to be detected by our method. These
are frequently mergers with a late-type galaxy, which, as shown above, our method often overlooks. The mergers
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in panels e and g both have flux ratios below our threshold of 0.25 and would be considered minor mergers. Many
of the galaxies not detected by our method but detected by other methods are mergers in which one component is
significantly fainter than another, or the companion is no longer visible and only other tracers of the merger remain.
The former will include major mergers with different mass-to-light ratios for each merger component, i.e. mergers
between quiescent and star-forming galaxies. This suggests that our merger-finding method may be complementary
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