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ABSTRACT

We investigate the incidence of major mergers creakiig,, > 10''M,, galaxies in the
dense environments of present-day groups and clusters massive tharMVl,,, = 2.5 x
10Mg. We identify 38 pairs of massive galaxies with mutual tidgkraction signatures se-
lected from> 5000 galaxies withVg,, > 5x101°M, that reside in a halo mass-limited sample
of 845 groups. We fit the images of each galaxy pair as thedfrgght projection of symmetric
models and identify mergers by the presence of residual m&trt structure associated with
both progenitors, such as nonconcentric isophotes, broddli#use tidal tails, and dynami-
cal friction wakes. At the resolution and sensitivity of tB®SS, such mergers are found in
16% of the high-mass, galaxy-galaxy pairs withl.5 r-band magnitude differences ard30
kpc projected separations. Relying on automated searémegjor pairs from the SDSS spec-
troscopic galaxy sample will result in missing 70% of thesergmrs owing to spectroscopic
incompleteness in high-density regions. We find that 90%he$¢ mergers are between two
nearly equal-mass progenitors with red-sequence colarsantrally-concentrated morpholo-
gies, in agreement with numerical simulations that prettliat an important mechanism for the
formation of massive elliptical galaxies is the dissipali®s (gas-poor or so-called dry) ma-
jor merging of spheroid-dominated galaxies. We identifyeseadditionalM;,, > 10''M
mergers with disturbed morphologies and semi-resolvedbldauuclei. Mergers at the centers
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of massive groups are more common than between two satehite both types are morpho-
logically indistinguishable and we tentatively conclutiattthe latter are likely located at the
dynamical centers of large subhalos that have recently aeereted by their host halo, rather
than the centers of distinct halos seen in projection. Wethiatithe frequency of central and
satellite merging diminishes with group mass in a manner ithaonsistent with dynamical
friction. Based on reasonable assumptions, the centeresétmassive halos are gaining stel-
lar mass at a rate of 1-9% per Gyr on average. Compared to trgenrate for the overall
population of luminous red galaxies, we find that the rate-8 ®mes greater when restricted
to these dense environments. Our results imply that theimeassd of the galaxy population
continues to evolve hierarchically at a measurable level,that the centers of massive groups
are the preferred environment for the merger-driven askeailmassive ellipticals.

Subject headingsgalaxies: evolution — galaxies: fundamental parametersi(iosities, stel-
lar masses, radii) — galaxies: general — surveys

1. Introduction

Understanding the formation of the most-massive galaxigg.{ > 10''Ms) remains an important
challenge in astrophysics. The tip of the stellar mass fanés dominated by elliptical galaxies with intrin-
sically spheroidal mass distributions that are supporiednisotropic stellar motions (Kormendy & Bender
1996; Burstein et al. 1997). Numerical simulations haveyldamonstrated that “major” mergers between
smaller galaxies of comparable mass could produce thewdasshapes and dynamics of ellipticals (Toomre
1977; Barnes & Hernquist 1996; Naab & Burkert 2003; Cox eR8l6). Moreover, massive ellipticals
are found in greater abundance in high-density structukeslarge groups and clusters of galaxies (e.g.,
Dressler_1980;_Postman & Geller 1984; Hashimoto & Oemlerg] ®mith et al. 2005), which naturally
grow through the hierarchical merging of dark-matter haleeyr cosmic time as expected in tR&€DM cos-
mological modell(Blumenthal et al. 1984; Davis et al. 1986lgt all 2000). There is, therefore, a clear ex-
pectation for galaxy-galaxy and halo-halo merging to bespafly linked (Maller et al. 2006; Hopkins etlal.
2006; De Lucia & Blaizot 2007). Indeed, modern galaxy forieraimodels predict that massive ellipticals
form by major dissipationless (so-called “dry”) merging liklewise spheroidal and gas-poor progenitors
(Boylan-Kolchin et al. 2006; Naab etlal. 2006b), that a |drgetion of today’s massive ellipticals had their
last major merger since redshift= 0.5 (e.g., De Lucia et al. 2006), and that the most-massive ssterm
at the centers of large dark-matter halos (Dubinski 199&gAn-Salamanca etlal. 1998). Yet, direct evi-
dence for the major-merger assembly of massive galaxiegsept times has been lacking, and finding such
systems is heeded to place constraints on their rates,itogproperties, and environmental dependencies.
To this end we look for close pairs of massive interactinggjak within a complete and well-defined sam-
ple of over 5000 galaxies with < 0.12 andM,,, > 5 x 10'°M,,, selected from galaxy groups in the Sloan

Digital Sky Survey (SDSS) with dark-matter halo masses aby,;, = 2.5 x 103 M.

Ellipticals galaxies make up the bulk of the massive end efrdd-sequence population with optical
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colors indicative of their non-star-forming and old steltature. Despite a quiet star-formation history over
the last 6-8 billion years (Bell et al. 2005), the total stelinass density on the red sequence has roughly
doubled over this interval (Bell et al. 2004b; Blanton 20B6rch et all 2006; Faber et/al. 2007; Brown €t al.
2007) and now accounts for more than half of the present-ddgdt (Hogg et al. 2002; Bell etlal. 2003),
providing strong observational evidence for the ongoiragdrichical growth of the massive galaxy popula-
tion. These results were derived from red galaxy numberitiensver a wide range of stellar masses above
and belowl10''M. Owing to the scarcity of the highest-mass galaxies, cosmuiance, and systematic
uncertainties in stellar mass estimates, any increasesinimber density ofly., > 10" Mg galaxies is
poorly constrained, resulting in controversy over whethi&r population has continued to grow slowly (e.g.,
Brown et all 2007) or has been effectively static (e.g., [Btaet all 2007), since ~ 1.

Besides number density evolution, mergers of sufficienthgsive galaxies could provide a more clear
indication for some continued stellar mass growth in théitass galaxy population. The existence of a
handful of massive red mergers over the redshift intedviak. z < 0.9 (van Dokkum et al. 1999; Tran etlal.
2005;/ Bell et al! 2006a; Lotz & et al. 2006; Rines et al. 200i)vps that the growth is non-zero at high
stellar masses and implies that this mechanism does catatrib the assembly of galaxies at the top of the
food chain. Yet, the importance of this process and theg@latte of mass growth are highly uncertain given
the tiny samples over this large cosmic time interval. lacirmeasures such as the presence of faint tidal
debris or shells around many local massive ellipticals @akkum|2005; Mihos et al. 2005), the isophotal
properties of giant ellipticals (Kang etlal. 2007), the latkevolution of the stellar mass-size relation of red
spheroids since = 1 (Mclntosh et al. 2005), and the lack of morphological evioluton the red sequence
sincez = 0.7 (Bell et al.[2004a) provide a variety of limits to the imparte of dissipationless mergers.
Perhaps the most powerful method for obtaining estimatehéostellar mass growth rate via major merging
is based on small-scale clustering statistics that proaidaccurate measurement of close pair frequencies
in real space (Masjedi etlal. 2006; Bell et al. 2006b; Masidil. 2007). However, this method likely yields
an overestimate of the merger frequency because it assinaeslltclose pairs will merge. All estimates
of merger-driven growth rates are limited by uncertaintiethe time interval over which a pair will merge,
and over what duration an object could be identified as interg [Masjedi et &l. (2007) find a very small
growth rate (1-2% per Gyr) at~ 0.25 for major mergers involving at least one progenitor dravamfithe
SDSS Luminous Red Galaxy sample (LRG, Eisenstein|et al)2QRGs have typical masses of several
times10'' M. To date there remains no direct evidence of ongoing mehgesn assembly of massive
galaxies at: < 0.1, and the LRG result implies that this formation process isomger important. These
facts motivate a thorough search for the existence/noteexie of ongoing examples in the present-day
universe.

While the aforementioned statistical method for findingselghysical pairs is powerful, it does not
isolate actual merging systems and thus provides no infieman the progenitor properties of massive
merger remnants. Recent numerical simulations and modste mrange of predictions regarding the pro-
genitor morphologies at the time of the last major mergerog@fifiar & Burkert 2003; Naab et al. 2006b;
Kang et all 2007), yet robust observational constraintsnassing forMg., > 10''M systems. Many
studies have identified major-merger candidates by eittosecpairs [(Carlberg et al. 1994; Patton et al.
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2000; Carlberg et al. 2000; Patton et al. 2002; Bundy let &1420in et all 2004) or disturbed morphologies
(Le Févre et al. 2000; Conselice etlal. 2003; Lotz & et al.@Q®ut these samples mostly contain major
mergers between lower-luminosity galaxies that tend to &®rgch spiral disks. Numerical simulations
show that such dissipative merging of disk galaxies will priduce massive pressure-supported ellipti-
cals (e.g., Naab et @al. 2006a). As mentioned above, onlyrmistantial evidence and a small number of
red galaxy pairs withe < 0.9 support the existence of mergers likely to produce massiyieals. Our
understanding of the progenitors is therefore very limitelére we present a thorough census of 38 mas-
sive merger pairs from SDSS, providing an order-of-magidtincrease in the number of such detections at
z < 0.5 and allowing an improved understanding of their progerpraperties.

While many estimates of major merger rates are found in teealure, to date no measure of the
environmental dependence of merger-driven mass growtbders attempted. In the standard cosmological
model, there is a trade off between the expansion of the tg@vand the gravitational collapse of dark and
luminous matter. Therefore, the rate at which stellar masssembled at the centers of the largest dark
matter halos over recent cosmic history is a fundamentatcispf the ongoing formation of large-scale
structure, and the rate that high-mass galaxies form byengas a function of halo mass constrains galaxy
formation theories. Some theories predict that the meqecducing massive ellipticals occur preferentially
in groups rather than in high-density cluster or low-dgngéld environments because the smaller velocity
dispersions allow more galaxy interactions (Cavalierd ct392); also dynamical friction is more efficient
in lower-mass halos (e.g. Cooray & Milosavlievic 2005).héxs predict that the brightest cluster galaxies
(BCGs) grow by hierarchical merging (“galactic cannibaili$ at the centers of the dark-matter potential
wells of large clusters (Ostriker & Tremaine 1975; Melri@8b;| Dubinski 1998; Cooray & Milosavljevic
2005). A handful of low-redshift BCGs show multiple nuclapgesting cannibalism in the form of multiple
minor mergers (Lauer 1988), but there are no observationsfiir mergers at the centers of clusters. In this
paper we make use of the statistically large SDSS groupozafahng et al. 2005; Weinmann etal. 2006) to
show that major mergers occur in present-day dense envaotanand to explore the halo-mass dependence
and central/satellite identity of merger-driven massiakagy assembly.

Throughout this paper we calculate comoving distancesém\tbDM concordance cosmology with
Qm = 0.3, Q4 = 0.7, and assume a Hubble constantfff = 70km s~ Mpc~—!. SDSS magnitudes are in
the AB system.

2. Sample Selection

We make use of public catalogs derived from the SOSS (Yorkl @090) Data Release Two (DR2,
Abazajian et al. 2004), which includes spectroscopic araing coverage of more than 2600 square de-
grees. Theugriz passband imaging (Fukugita et al. 1996; Gunn gt al. 119986)2Gfecise photometry
(Hogg et all 2001; Smith et al. 2002; Ivezic et al. 2004; Tarckt all 2006), image processing (Lupton et al.
2002), astrometric calibration (Pier etlal. 2003), and specopy |(Strauss etlal. 2002; Blanton et al. 2003b)
of the SDSS provides a powerful database for detailed stuafithe galaxy population from the local cos-
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mos. We exploit the large-number statistics of the SDSS &ockefor elusive pairs of massive galaxies
undergoing major merging in dense group and cluster enwviests. As described in detail below, our sam-
ple selection consists of (1) a complete and mass-limitedfsarge dark-matter halos drawn from the SDSS
DR2 group catalc%(Yang et all 2005; Weinmann et al. 2006), (2) the subset okivagalaxy pairs within
these groups that meet the stellar mass criterid pf- M, > 10" M, and (3) the identification of merger
candidates among the massive pairs.

2.1. Massive Halos from the SDSS Group Catalog

With large surveys of spectroscopic redshifts and imagmig,castronomers are for the first time able
to study galaxies according to their membership and pasitithin dark-matter halos (i.e., galaxy groups).
Using the halo-based group finder_ of Yang etlal. (2005), Waimmet al. (2006) extracted groups from an
initial sample of 184,425 galaxies with01 < z < 0.20 and better than 70% redshift completeness drawn
from the New York University Value-Added Galaxy Catalog (NYAGC, |Blanton et al. 2005). The NYU-
VAGC provides improved processing and additional paramadty the SDSS spectroscopic Main galaxy
samplel(Strauss etlal. 2002), which has an extinction-ctate = 17.77 magnitude limit.

The halo-based group finderlof Yang et al. (2005) has beemizgtil to group galaxies according to
their common dark-matter halo, and has been thoroughlgdesting mock galaxy redshift surveys. Briefly,
the group finder starts with a friends-of-friends algorittordefine potential groups and their centers. Any
isolated, bright galaxies not assigned to a potential gamepadded as likely centers of additional groups.
The total group luminosity is converted into an estimatettiergroup mass using an assumed mass-to-light
(M/L) ratio. From this mass estimate, the radius and vejodispersion of the corresponding dark-matter
halo are estimated using the virial equations, which in @ used to select group members in redshift
space. This method is iterated until group membershipsecgayv In_Yang et all (2005), the performance of
this group finder has been tested in terms of completenesssafitembers and contamination by interlopers,
using detailed mock galaxy redshift surveys. The averaggtzieness of individual groups was found to be
~ 90 percent, with only~ 20 percent interlopers. Furthermore, the resulting grouplagtie is insensitive
to the initial assumption regarding the M/L ratios.

As described in Weinmann et/al. (2006), halo masses for efaftiiied group were estimated using
the total group luminosityls oup, defined as the summed luminosity of all group members. The/ation
behind this is that one naturally expects the group lumigidsi be strongly correlated with halo mass.
Because of the flux limit of the SDSS, two identical groupseotsd at different redshifts will have a
different Lg..,p,. This bias was circumvented by usifgy 5 instead, which is defined as the luminosity of
all group members brighter thah' M, = —19.5 + 5log h. The relation betweet 9 5 and Lgroup Was
calibrated using groups with < 0.09, which corresponds to the redshift for which a galaxy Witd/, =
—19.5 + 5log h hasr = 17.77, the magnitude limit of the survey. For groups with> 0.09, this ‘local’

*Public access to the group catalog i5 at http://www.asimass.edutxhyang/Group.html.
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calibration betweedq,.,, andLig 5 was used to estimate the latter. Finally, under the assomfitat there

is a one-to-one relation betwedng 5 and halo mass, and using the halo mass function corresppiwliz
flat ACDM cosmology with(2,, = 0.3 andog = 0.9, the halo mass of a given grould;,.;,, then follows
from matching the number density of groups brighter (in ®ohlL9 5) than the group in consideration to
that of halos more massive tham,,,. Detailed tests with mock galaxy redshift surveys have shthat
this method results in group masses that are more reliahiettiiose based on the velocity dispersion of the
group members, especially when the number of group membersall.

InWeinmann et all (2006), this group finder was applied td\h&J-VAGC associated with the SDSS
DR2, which yielded halo masses for 53,229 groups spanhing < log;,(Mpa0/Mg) < 15.5 and
containing 92,315 galaxies. As a result of the method useaks$ign the group masses, the complete-
ness of the group catalog depends on both halo mass andftedshiletail, the catalog is complete for
groups withlog;,(Mpa1o/Mg) > 11.8622 to z = 0.06, log;g(Mpalo/Me) > 12.1933 to z = 0.12, and
log1g(Mpalo/Mg) > 13.0877 to z = 0.20.

For our analysis, this group catalog provides two imporémwironmental measures for every member
galaxy: (1) an estimate of the virial ma$dy(,;,) of the dark-matter halo in which the galaxy resides, and (2)
a distinction between central (CEN) and satellite (SAT pgeds. Throughout, a CEN galaxy is defined as
the brightest member of its group. As discussed in detail @invidann et &l (2006), these quantities allow
more physically-meaningful discussions of the dependsnef galaxy properties on environment than do
projected number densities.

We combine two volume-limited samples defined by the halstantion and completeness described
above: (1)0.01 < z < 0.06 and (1) 0.06 < 2z < 0.12. We exclude halos witl®.12 < z < 0.20 to
avoid resolution limitations. At = 0.12, the SDSS resolution aof.4” corresponds to 3 kpc, thus fairly
massive galaxies will be only semi-resolved. Moreovergliable photometry is known to occur in SDSS
for galaxies separated by 3" (Masjedi et al. 2006), which corresponds to 7-10 kpc over(the <
z < 0.20 interval. We find many close pairs with physical separatiess than 10 kpc, thus our redshift cut
avoids selecting a large fraction of close pairs with poatpmetry. Within the two redshift slices we further
limit our selection to halos that have at least three spsctioic members to allow for a complete search of
massive pairs associated with either CEN or SAT galaxiess fBstricts our final sample to all SDSS DR2
groups with masses dbg;y(Mpaio/Mg) > 13.4 in volume |, andog;((Mpaio/Mg) > 13.8 in Il. Hence,
our selection is halo mass-limited at values significardhgér than the group catalog completeness limits.
We plot the halo mass and redshift distribution of our finahgke in Figurd 1L, which contains 845 groups
with masses ranging from one-tenth to ten times that of thgovkluster.

2.2. Massive Galaxy Pairs

The primary goal of our study is to find whether evidence exist the major-merger assembly of
massive Y., > 10 M) galaxies in dense environments. We approach this by fgpeicting all massive
galaxies belonging to the halo mass-limited selection & §ebups to identify those systems that have a
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major companion (mass ratio between 4:1 and 1:1) within gepred separation of 30 kpc. It is important
to keep in mind that these companions are neither restriotbe in the SDSS spectroscopic Main sample
nor in the group catalog. We then use an image decomposé@migue, as described 2.3, to identify
the pairs that exhibit signs of tidal interaction assodatéh an ongoing merger.

We estimate stellar massedy;.,) for all group members using the Bell el al. (2003) stellat k&tios
as follows:

logyo(Mgtar/Ma) = —0.306 4 1.097%%(g — ) — 0.15 — 0.4(*° M, — 4.67), (1)

where the constant 0.15 corrects to a Kroupa (2001) IMFY4péind®-%r are Petrosian magnitudes from the
NYU-VAGC (random uncertainties: 0.03 mag) shifted to the = 0 rest-frame using Blanton etlal. (2003a)
K-corrections and corrected for Milky Way extinction usitg/tSchlegel et al. (1998) dust maps. We sub-
tract0.1 magnitude to correct for the flux known to be missing from gigs with early-type morphologies
(Blanton et al: 2003c). We use theband central-light concentratiorR{,/Rso), defined by the ratio of
the radii containing 90% and 50% of the Petrosian flux, to selgrseparate early-typ&{y/Rs0 > 2.6;
spheroid-dominated) and late-typRof/Rs0 < 2.6; disk-dominated) galaxies as others have with SDSS
data (e.g., Strateva etlal. 2001; Hogg et al. 2002; Bell|é2G0.3; Kauffmann et al. 2003). The Bell et al.
(2003) color-based stellar M/L ratios have 20% random uag#res and a 0.10-0.15 dex systematic error
caused by a combination of effects including dust, stelbgoytation ages, and bursts of star formation. The
characteristic stellar mass of the local galaxy mass fandtom Bell et al.|((2003) i31* = 7.24 x 10'°M,.

To find major mergers between two galaxies with mass ratios : 1, we start with all 5376 group
members more massive tha,,, = 5 x 10'°M, (hereaftersampM) and note that this mass limit is
the minimum for which an equal-mass merger will produce)" M., remnant. We plot the color versus
stellar mass distribution of sampM in Figure 2. The contoemesent all SDSS DR2 Main galaxies with
z < 0.12. The halo-mass-limited sample of 845 CEN galaxies from $drape shown as red and blue
circles separated by the red/blue sequence boundary. fromm@an et al.[(2006), modified to = 0 and
Hy =70kms~! Mpc~!. The 4531 SATs from sampM are plotted as black solid pointst. SNrprising, the
vast majority of massive galaxies in high-mass groups (KN and SAT) have red-sequence colors. We
compare the massive galaxy content of sampM with that of the0.12 DR2 volume in Tabléll.

We use the SDSS Image List TEGHS a virtual observatory to visually examine&nx 80 kpc region
centered on each massive galaxy in sampM, which allows ugswottie entire extent of both galaxies in a 30
kpc pair. Although more time-consuming, this method erstitat we find all major companions including
those without SDSS spectroscopic data. In addition, ouméation allows the identification of individual
(non-pair) sources with highly disturbed morphologiesgasgive of ongoing major mergers, which cannot
be found with automated pair selection. We find seven moggicdlly-identified mergers that have semi-
resolved double nuclei with projected separations tooectoshe accurately deblended by the SDSS (Fig.

B).

2pavailable from the SDSS SkyServer Tools at http:/icas.stg&stro/en/tools/chart/list.asp.
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We find that 221 massive galaxies in sampM have a major coropamith a projected separation of
d12 < 30 kpc (centroid-to-centroid). Operationally, we use an appier-band magnitude difference of
|Aris| < 1.5, corresponding to mass ratigs4 : 1 assuming a constant M/L ratio, to identify major com-
panions both with and without spectroscopic data. Througtios paper we use the following designations
for projected pairs: galaxy number 1 is from sampM and galaxyber 2 is its projected companion, re-
gardless of relative brightness or mass. In the cases wbéreyhlaxies have spectroscopic redshifts and are
massive enough to be included in sampM, galaxy 1 is the pyirfia., brightest) member and we remove
from further analysis the duplicated pair initiated on gglaumber 2. The SDSS spectroscopy is known
to be about 8% incomplete overall, independent of galaxyidosity. The main source of incompleteness
results from thes5” minimum separation for fiber placement (i.e., “fiber codlizs”) in the mechanical
spectrograph_(Blanton etlal. 2003b). This selection eftds to a slight systematic under representation
in regions of high galaxy number density (Hogg et al. 200d¢hsas in massive groups and clusters. Less
than one third of the 221 pairs have spectra for both galaaisbthus, redshifts for galaxies number 1 and 2
(i.e., spec-spec pairs). In what follows we will show thairaportant fraction of all pair-identified massive
mergers have only one spectroscopic progenitor (i.e.-ppetpairs).

Close pairs of galaxies are used often to infer informatlooua galaxy merging (e.g. Patton eflal. 2000;
Carlberg et al. 2000; Le Fevre et al. 2000; Patton et al. 2DDbPet al.| 2004 Bundy et al. 2004; Bell etlal.
2006b). These studies use a range of definitions, which lysinglude tight limits on both velocity and
projected spatial separations (typicaty 500 km s~! and 10-50 kpc), and do not use further knowledge
such as the halo mass or the position relative to the grougerce@ur choice ofl15 < 30 kpc separations
is rather arbitrary and we have no way of knowing ab initio thiee or not it will include all massive pairs
that show obvious signs of interaction. Owing to our largex 80 kpc field of view, we effectively search
within a projected radius of 40 kpc around each galaxy in $dmghich enable us to find three additional
wide-separationdj, > 30 kpc) pairs that exhibit strong merging signatures. The marn projected
separation of the additional mergers is 37 kpc. The mingguiency of30 < dio < 40 kpc pairs with
strong tidal signatures in these groups suggests thatsefgration systems will not be apparent in SDSS-
depth imaging data. We include only pairs withy < 30 kpc for our projected pair statistics, but include
the three additional merger pairs in our progenitor and raasembly statistics.

Our sample includes three pairs with Z-sparations, which are a potential source of systematic bia
in our major pair selection. As mentioned abave, Masjedl.gP806) showed that the SDSS photometric
pipeline boosts the recovered flux of individual galaxiesény close pairs. For equal-luminosity galaxies
separated by 20” the excess is only about 5%, but this quickly rises to 20%’ateparation. Moreover,
the pipeline has trouble deblending very close pairs asideatin Figuré B. We do not attempt to separate
the progenitors of these mergers, instead we assume tlyatefpiesent major mergers and explicitly state
where we include them in our analysis.

Finally, the subset of 64 major spectroscopic pairs in sanafiddv us the unique opportunity to test
the frequency of interlopers in massive groups. We find thé&b ®f the spectroscopic pairs (2 CEN-SAT,
14 SAT-SAT) are comprised of projected galaxies in two ssjgagroups with average absolute velocity
separation/|Av|) = 7550 km s~1. If we limit our analysis to spectroscopic pairs with, < 30 kpc and
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(|Av|) < 500 km s7!, we find 5% contamination from interlopers in basic agreemeth Berrier et al.
(2006), who used mock galaxy catalogs from cosmologicalisitions to demonstrate that 10-50 kpc (14—
71 kpc in our assumed cosmology) pairs with less than 500 Knseparation reside in the same dark-matter
halo with a low 6 — 20%) contamination from projected interlopers. Overall, thectroscopic pairs from
sampM that live in the same group have absolute velocityeudifices spanning 10 to 1560 km'swith
means of 260 kms' (CEN-SAT) and 360 km ' (SAT-SAT). Many of these pairs are likely doomed to
merge, yet some may still be chance projections on oppoisies ®f the same group. We feel that the
most conservative approach to locating physically intimgcpairs is to look for morphological signs of
disturbance, an approach that we adopt and discuss in theeetion.

2.3. ldentifying Major Mergers

Besides pair statistics, major galaxy mergers are rowtiigkeintified by their highly-disturbed appear-
ance (e.g., Le Févre etlal. 2000; Conselice 2t al. 12003; &a@tzal/|2006). Tidal tails and debris, multiple
nuclei, strong asymmetries, and other morphological jpetiiks are common features in both observations
and in simulations of galaxy collisions (Toomre & Toomre 28Barnes 1988; Barnes & Hernguist 1992;
Dubinski et all. 1996; Barnes & Hernguist 1996; Milhos 2008t distinguishing major mergers from lower
mass ratio “minor” interactions using morphology alone&ifht with uncertainties. For example, depend-
ing on the orbital geometry, a 10:1 gas-rich merger can trésuh more disturbed morphology than an
encounter between two massive ellipticals, which have dtoa-surface brightness features (Bell et al.
2006a). We circumvent this issue by selecting major paimhasgsive galaxies first, and then fitting sym-
metric models to the light profiles of each galaxy in each mpgr and identifying interaction signatures
in the residual (datamodel) image. Our methodology is similar in spirit to thatafuer (1986, 1988), who
modelled BCGs with multiple nuclei as the line-of-sight srgositions of normal elliptical galaxies.

For each major pair in sampM we use GALFIT (Peng &t al. 2008 toe surface photometry of both
galaxies and any other close companions in the SB88nd image data. For each fit we use the global
background estimate provided in the SDSS image header. @&tadsdof our fitting pipeline developed
for SDSS imaging will be presented in Guo et al. (in prep.).ylmetries commonly associated with
galaxy mergers (e.g., tails, bridges, plumes, nonconicdatiphotes, diffuse excess structure, and dynamical
friction wakes) arenot well fit by symmetric models centered on the galaxy. Therefore, diatis and
highlight asymmetries in the residual image we use eithénglescomponent Sérsic or a two-component
Seérsic bulge plus exponential disk model for each sourepeniding on whether or not disk features such
as spiral arms, rings, or bars are apparent. We classify ajgripair as a merger if there are asymmetric
residuals brighter than 24.5 mag arcse@ssociated wittboth progenitor galaxies. All other pairs are
deemed non-interacting. This surface brightness limit wsed in the selection of SDSS spectroscopic
target galaxies (Strauss etlal. 2002), and we find that relsidatures this bright are unambiguous.

For isolated galaxies not undergoing a major interactibere are a number of other explanations for
the presence of asymmetric residual flux, such as lopsidieal $patures caused by minor interactions or



—10 -

LA L L Y L LB L I L B
*
.

0.05 0.1 0.15 0.2
Redshift

@]

Fig. 1.— Distribution of halo mass and redshift for massiveups identified by Weinmann et al. (2006) in
the SDSS DR2. Small grey points show all 12,552 groups With,, > 2 x 10'3M; for z < 0.12 there
are 2666 groups above this halo mass cut, the majority oftwdoatain only 1 or 2 spectroscopic members.
Black diamonds show our halo-mass and volume-limited seleof 845 groups (see text for details) that
we use to search for major pairs of massive galaxies. Ther&# groups witl).01 < z < 0.06 (vol. I)
andMy1, > 2.5 x 10¥M, and 669 with).06 < z < 0.12 (vol. ) and My, > 6.3 x 1013M,,.
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Fig. 2.— Rest-frame optical color versus stellar mass gootr selection of massive members (sampM)
from a halo mass-limited sample of large SDSS DR2 groups.yséede contours show all SDSS (DR2)
galaxies with0.01 < z < 0.12; each contour represents a 3-fold increase in the numbealakigs. The
solid red line is the red/blue sequence separation we adopt|¥veinmann et al. (2006). Blue and red
circles denote the subset of 845 CEN galaxies, and blaadl goints denote the 4531 satellites. The vertical
arrow indicatesM* from|Bell et al. (2003).
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C 179072 0.037 | C 190284 0.044 | S 676163 0.099

2411758 0.111

Fig. 3.— Seven additional mergers identified only by stroragphological disturbances, not by close major
companions. Images afi® x 60 kpc cutouts ofgri combined color images with fixed sensitivity scaling
downloaded from the SDSS Image List Tool. We distinguish GENfrom SAT (S) mergers, and we
include the NYU ID and the redshift, at the top of each pané&k forizontal white line showd)” in each

panel.



- 12 —

large star-forming regions. The subset of 16 interlopg2s2) provides a null sample to demonstrate that
no major pairs that are simple line-of-sight projectionseimgur dual disturbance criteria for identifying
mergers. In Figurél4, we show our fitting analysis for two rilajgers that have the strongest detectable
asymmetries from spiral structure (NYU IDs 95240 and 2735B80each case the asymmetry is associated
with only one galaxy of each pair. None of the remaining 14riaper pairs in Figurgl5 exhibit the strong,
dual asymmetries that we observe in the merger pairs, whictiegcribe next.

We find 38 pairs of massive galaxies in sampM that we classifjnajor mergers (35 with;o < 30
kpc). We display the SDSSband image and corresponding GALFIT residual of each mengacreasing
redshift order (left to right) in Figurds 6 ahdl 7. These inwlgave little doubt that the two galaxies in each
pair are in the midst of merging. We find a variety of strongltféatures including broad tails (e.g., 311008,
352171, and 274752) such as seen during the period betweemdselose passage and final coalescence in
dissipationless merger simulations (Naab et al. 2006b)dsdrvations (see Fig. |1, Bell etlal. 2006a), and
dynamical friction wakes in the outer stellar envelopeg.(867419 and 258681) as predicted by Weinberg
(1986) and hinted at in a few BCG systems |by (Lauer 1988). tlitiath, we find bridges (e.g., 301558 and
371303), plumes (e.g., 150206 and 261132), diffuse strei¢kig., 294450 and 9993), and many examples
of nonconcentric isophotes (e.g., 392792, 222852, and3j3Which present the strongest indications for
tidal contact/(Lauer 1988). In Figuré 8, we show 10 examplesose (spec-phot) pairs that have no residual
asymmetries and are likely the result of chance projecti@mnparing these non-interacting examples with
the 38 mergers in Figd.] 6 Bl 7 clearly demonstrates the fidefitgur merger identification scheme. As
the sensitivity of the SDSS imaging may be too low to detdan&racting pairs of massive galaxies, our
classifications provide a conservative lower limit. Nomddlss, our sample identifies the strongest cases and
serves as an important dataset for studying the propelftieassive merger progenitors §8.2.

Nearly 70% (26) of these massive mergers have redshiftnrdtion for only one progenitor (spec-
phot pairs) as a result of fiber collisions, which highligtite importance of our thorough approach for
identifying such systems. We estimate that we could be ngsan additional four (11%) mergers that
are photometric-photometric sources based on the 34%gR6fprogenitor galaxies that have only SDSS
photometry. Quantifying the exact number of massive plnat-mnergers in the DR2-based group catalog is
beyond the scope of this paper. Animproved understanditfzeafompleteness of pairs of merging galaxies
in SDSS groups is one of the aims of our next paper.

3. Propertiesof Massive Mergersin Groupsand Clusters

In this section, we explore the properties of tig.,, > 10''M. mergers that we identified from a
complete sample o€ 4 : 1 mass ratio pairs of massive SDSS galaxies that we selea@sddroup and
cluster-sized halos. We compare the distributions of balséervables for merger pairs and major pairs not
classified as mergers, quantify the nature of the mergerepitags, make predictions about the remnants,
and look for environmental dependencies in this mergingifation.
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Fig. 4.— Examples of two galaxy pairs with small projectegasations but large physical separations;
i.e., the two galaxies reside in different groups and are tiat physically associate@anels: (left) »-band
SDSS image in arbitrary false-color, logarithmic scaleitilight low-surface brightness features, (middle)
GALFIT symmetric model profile, and (right) datanodel residual. We identify merging galaxies by the
presence of asymmetric residual flux associated with eatividual galaxy (see text for details). These two
examples are among the subset of 16 null (interloper) cases of which meet our merger identification
criteria. Some interloper pairs have one galaxy with datdetresiduals for a variety of reasons other than
an interaction between the two galaxies. We show the steirrgsidual cases here to illustrate the most-
common cause, which is spiral structure. Each image is 80 kpc and we provide the NYU-VAGC DR2
identification number (NYU ID) in the upper left.
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Fig. 5.— The remaining 14 of 16 major pairs that are intentegédividual galaxies in separate groups).
No pair exhibits asymmetric residuals for both galaxiese ifhages«-band data and residual with log-scale
stretch) are30 x 80 kpc and are labeled as in Figuire 4.
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Fig. 6.— See caption for Figufe 7.
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Fig. 7.— The full sample of 38 major-merger pairs of massigi&ges identified in a halo mass-limited
subset of SDSS DR2 groups with < 0.12 (sampM). Three pairs (301558, 83539, and 284077) have
projected separations betwe&h < dio < 37 kpc. We identify these merging systems when both galaxies
have asymmetric residual features in excess of 24.5 magarcsSuch asymmetries are associated with
tidal signatures (e.qg., tails, bridges, plumes, noncamicesophotes, diffuse excess structure, and dynamical
friction wakes) of mutual encounters between two galaxiEs: each pair we provide theband data in
false color (arbitrary scaling) at the left, and the dataodel residual at the right. To highlight low-surface
brightness features we Gaussian smoothed (using a 1 pgrabsithe residual images of each, except for
301558, 250588, 364190, 278870, 352171, 333778, 44192929371303, 11349, 241625, and 274752.
All images areB0 x 80 kpc with the NYU ID and spectroscopic redshift given.
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Fig. 8.— Examples of 10 spec-phot pairs in projection thatssho signs of disturbance; the central galaxy
of each panel has a spectroscopic redshift. These nomdtirey pairs likely have much larger physical
separations than their projected 30 kpc separation suggests, and are either interlopers @tepgnoups)

or well-separated within a common halo. All imagesbh@nd data, model, residual with log-scale stretch)
are zoomed in t60 x 60 kpc, and are labeled as in Figue 4.
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3.1. Basic Observables

In Figure[9, we plot the distributions of basic observablest tdescribe each major pair of massive
galaxies we selected i2.2. Here we compare the subsets of 35 mergérs € 30 kpc; bold lines), 16
interlopers (i.e., definite non-interacting; grey bing)ddhe remaining 170 we classify as non-interacting
(thin lines). It is important to note that a simple selectminmajor pairs of massive galaxies in dense
environments yields: 16% with obvious signs of merger/interaction. We find that thiggpthat we identify
as mergers have some differences with those without irnterasignatures. Likewise, merging galaxies
obviously residing in the same group are different from g@ctgéd pairs of galaxies that reside in distinct
host halos.

In general, the merger pairs have a flatter,, distribution than non-interacting pairs, with more sys-
tems near\ri» = 0, the proxy for equal-mass mergers, in contrast to the isanganumber of non-mergers
towards larger magnitude offsets as expected for a simpleged pair sample. Nonetheless, there is no
statistical difference between ther,, distributions of mergers and the subset of known interlepéte-
call that we select pairs withAr,| < 1.5, but here we show thAr, distribution to illustrate that some
spec-phot pairs havAr, > 0; i.e., the source without SDSS spectroscopy is more massive

Merging pairs tend to have smaller angular separatiggscompared with non-interacting pairs and
interlopers. In terms of the colors and concentrations &bges in pairs, we find little difference between
the interacting and non-interacting subsets. Owing to elecsion bias for red galaxies (see Fig. 2) and
the stronger clustering of red galaxies (€.9., Zehavi @02), it is not surprising that the color difference
A(g — )12 = (g —r)1 — (9 — r)o distributions are narrow and peaked near zero. Likewisesngthe
broad range of concentration® € Rgy/R50 < 4) found for SDSS Main galaxies (e.Q., Hogg et al. 2002),
the relatively small concentration differencA$ Ry /R50)12 are consistent with matched morphologies of
similarly red galaxies. We note a mild difference betweenAlig — )12 and A(Rgy/Rs0)12 distributions
of merging and interloper subsets, such that the physicaelssociated pairs have an increased chance to
be composed of a red massive-group member with a blue,tiggerprojected companion.

We check whether or not any of the basic pair properties infe[§ depend on the redshift or stellar
massM; of the pair member from sampM. On#.,, depends on;, as expected for a sample limited to
30 kpc maximum projected separations. The different ssbgeergers, interlopers, non-interacting) are
independent of; andM;, and hence we conclude that the initial selection of sampivhdt impart biases
on our ability to classify mergers in a larger sample of mgairs. Moreover, despite the differences we
find between the observables of merging and non-interagagxy pairs, we cannot distinguish different
subsets of major pairs based on these differences alone.

As we mentioned 2.2, a spectroscopic close pair of galaxies that belongdcs#ime host dark-
matter halo may reside on opposite sides of the group, arslithue much larger real space separations
than their projected separations imply. On the other harelgen pairs by definition must be in close
physical proximity. As such, for pairs where both galaxies members of the same group, we compare
in Figure[10 the merging and non-interacting subsets ingesfitheir projected spatiali(;) and velocity
(v12) separations. We find that the presence/absence of residyaimetries clearly produces different



—19 —

dy5 distributions consistent with the non-interacting paiesig drawn from a much broader distribution of
real-space separations than the mergers. Moreover, thiaidganumber of mergers with increasing,
suggests that wider-separation pairs do not typicallyitkeltidal distortions that are apparent in the SDSS
imaging. Similarly, we find a more narrow distribution @f for mergers compared to the non-interacting
pairs in a matched group, but the significance of this is @mobeving to the large number of spec-phot
mergers without, measurements (25 out of 35). There is no substantial difter®etweenAr;s| for the

two subsets.

3.2. Nature of Progenitors

In the Introduction, we outlined the importance of imprayiour understanding of the progenitors of
massive mergers. Here we use concentration, rest-frarog eold stellar mass to explore the properties of
the progenitor galaxies in our total sample of 38 mergerstalvalate information for all 76 progenitors in
Table2.

Two thirds of the merger sample have spectroscopic infaandor only one of the progenitors as a
result of fiber collisions§2.3). To obtain rest-frame quantities for these companiemsiseK -corrections
downloaded from the SDSS PhotoZ table, which we then cotrethe redshift of the merger; i.e., we
assumez; = z;. For all photometric sources in SDSS, PhotoZ provides phetac redshiftsz,., and
related K -correctionsK (zpnot) t0 shift quantities toz = 0. For our subset of merger pairs we find that
Zphot 1S Systematically larger than, and thusK (z,n.t) is an overestimate. In the left panel of Figlre 11,
we show they andr-band K (z,10¢) bias relative tai (22 ) for the 12 mergers in our sample where we have
spectroscopic information for both galaxies. We estimlagecorrecti -correction for a given passband

logyo(1 + 22)
log1o(1 + Zphot )’

K(22) = K (2phot) (2)

by assumingi (z) o 2.5log;y(1 + z) (Blanton et all 2003a). As we demonstrate in the middle agfut ri
panels of Figuré11, our method provides excellgrtorrection estimates with a smaller th&6.02 mag
scatter, a -0.03 magrband offset, and ne-band offset. In this manner, we obtdlfi(g — ) and Mar
estimates for each photometric progenitor from its exiimetorrected color downloaded from the SDSS
PhotoTag table.

Among the SAT-SAT mergers, there are three spec-phot paa6039, 364190, and 373137) where
the photometric progenitor is more massive than the hostpgaentral (brightest) galaxy. We, therefore,
assume that this galaxy is in fact the CEN and add these matteetCEN-SAT merger subset. Our final
sample of 38 pairs of massive merging galaxies includes 2M-SET and 17 SAT-SAT systems. We
distinguish between the CEN-SAT and the SAT-SAT mergerhérémaining plots.
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Fig. 9.— Distributions of observables for majot @ : 1 mass ratio) projected<( 30 kpc) pairs split into
three subsets: merging/interacting (bold lines), knowarlopers (grey bins), and non-interacting systems
(thin lines). From left to right we plot the extinction-ceatedr-band Petrosian magnitude difference, angu-
lar separation, extinction-correctéd — r) Petrosian color difference, ameband concentration difference.
All parameter differences are definésh = p; — po such that 1 denotes the galaxy from sampM and 2
denotes the companion.
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Fig. 10.— Comparison of the properties of 35 major-merglngd lines) and 39 non-interacting (grey bins)
galaxy pairs where both galaxies belong to the same host Iratam left to right, the relative properties
of progenitor galaxies 1 and 2 are absolute value ofrtiand magnitude difference, projected spatial
separation in kiloparsecs, and velocity difference. Orlyolthe 35 major interacting pairs with, < 30
kpc have spectroscopic information for both progenitorsrtable the calculation akv.
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3.2.1. Progenitor Morphology

We explore the color and concentration of the progenitoaxgas in massive merger pairs in Figure
2. In the left panel, we plot the rest-frame color of progmhumber 2 relative to the blue/red sequence
boundary shown in Figui€ 2 as a function of the color of pritggemumber 1 from sampM for each merger
pair. The data points in both panels of Figliré 12 are coldeddo distinguish blue or red-sequefcég —
r)1 colors, and data above the dashed line havéféd — r), colors. We find tha90 + 5% of the massive
mergers we identify are comprised of two red progenitorgy one merger is blue-blue and three are mixed
pairs. In the right panel, we show the central-light conagitn of progenitor 2 plotted against that of
progenitor 1. Consistent with the high fraction of red-redrgers,92 4 4% of the mergers are comprised
of two concentrated progenitors wifRy,/R5y > 2.6, the fiducial value for early-type morphologies (see
§2.2). Three mergers are made up of an early/late mix acaptdinoncentration, with one of each red-red,
red-blue, and blue-blue.

The nature of the progenitors appears to depend little ortheh¢he merger is positioned at the center
of the host group or is between a pair of SAT galaxies. Owintipéosmall-number statistics, the slight de-
crease in the red-red merger fractions from 95% (CEN-SABRfh (SAT-SAT), and likewise for early-early
mergers from 95% (CEN-SAT) to 88% (SAT-SAT), are consisteitih no difference. Generally speaking,
the major mergers that will produdd;,. > 10''M. remnants in massive groups are between two red-
sequence spheroids that have little cold gas for star feomand are presumably dissipationless. The
properties of these low-redshift mergers match thésix< z < 0.9 dissipationless mergerslin Bell ef al.
(2006a).

3.2.2. Progenitor Mass Ratios

The major mergers we have identified are drawn from pairs jatho| < 1.5 mag, our proxy for 4:1
to 1:1 mass ratiosjf.2). Here, we explore the actual stellar mass ratios of thegen progenitors. Overall,
the Petrosian color-deriveld;,, estimates for sampM are well-behaved as demonstrated higttiered-
sequence of CEN and SAT members in Figure 2. We note, howtharthere are a handful of extreme
outliers in color-mass space such that some massive grdapigmhave very red colors, especially at the
high-mass tip of the red sequence. Large systematic errarslor translate into errors iNlg,,, which is
a critical issue when trying to ascertain the progenitor srmasios. Nevertheless, it is unclear whether the
measured colors are the result of an error in the photomgipradine or simply the intrinsic nature of a rare
population.

We attempt to quantify the amplitude of systematic unceties in our stellar mass estimates from
issues related to the SDSS photometry by recomputing, for all 76 merger progenitors using SDSS
Modeﬁ magnitudes in place of Petrosian quantities[in (1). In FegL@, we plot the relative difference

3In addition to standard Petrosian magnitudes, the SDS®ptaity includes measures of galaxy flux from the best-fit hode
either a de Vaucouleurs or an exponential, tortHend image profile.
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Fig. 11.— K-corrections forg (open triangles) and (solid triangles) passbands shiftedze= 0 for the
subset of 12 companion galaxies in major-merger pairs wéggetroscopic redshifts are available for both
progenitors. We plot the accurate NYWAGC K-corrections versus those from PhotoZ (left), corrected
using [2) (middle), and the relative difference betweenNN&J_VAGC and our corrected values (right); the
error bars show the mean and scatter of the offsets in eashanas
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Fig. 12.— Colors and concentrations of the progenitors ofgive major mergers. Mergers involving a
CEN and SAT galaxy (stars) are distinguished from thoselimwg two SATs (circles). Data points are
color-coded to represent blue/red sequence color of thgepitor in sampM (galaxy number 1) eft:
relative rest-framé¢g — ) color of the companion galaxy (number 2) with respect to the/bed cut plotted

as a function of progenitor number 1 color. Red points abbeedashed line represent red-red mergers.
Right: r-band central-light concentrations of progenitor 2 veraagienitor 1. Dashed lines show the crude
early/late morphology cut aRgy/R59 = 2.6.
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between the masses derived with each type of magnitude astioiu of the’- M7, and®(g—r) differences
(Petrosian-Model), and.,. We find that the bulk (75%) of the progenitors have a smalD(15 dex) but
systematic shift towards lower masses, which correlatés fainter®° /.., when using Model magnitudes.
This subset has a tight locus 4f*°(g—r)] comparable to the quoted 0.04 mag random error for Petrosian
colors. The remaining 25% of the progenitors have systencator offsets as large ass0.30(—0.25) mag
resulting in a greater than factor of 2 shiftl;,., or more than twice as much as the expected 0.10-0.15
dex systematic uncertaintyd.2). In Tabld 2, we note the progenitors with0.3 dex difference between
their Petrosian and Model-basad,, estimates. We find no dependence of these mass offsets on CEN
versus SAT, nor on the angular separation of the pairs. Ossille explanation for the large photometric
variances could be related to known pipeline errors for whoge pairs. (Masjedi et al. 2006), yet very few
of our projected pair sample hade,, < 3” and it is difficult to understand how close pairs would have
boosted flux in one passbang put not another) to account for the very red colors.

We plot the color-stellar-mass distribution of the 76 pmitms in Figuré 14 using symbols to represent
the Petrosian-derived values and arrows to explicitly sti@adirection and amplitude of the shifts to Model-
derived values in this parameter space. We note that theregty-red outliers in Petrosian space have
Model colors more in accord with normal red galaxies. Gdhespeaking, most of the progenitors occupy
the massive end of the red sequence; 80% hdyg, > 10''M. This means that some very massive
galaxies continue to be assembled in the low-redshift uséze Yet, as a result of selection effects, we
cannot determine the significance of the small number ofgmidgrs withM;,, < 101! M. The selection
of sampM creates a bias insofar as the percent contribufionagsive halo members to the overall DR2
galaxy population in the < 0.12 volume decreases significantly as a function of stellar nfsess Table
). In other words, our halo mass-limited selection missest mumbers of galaxies wittlg,, < 10 M,
simply because they live in halos wiMy,,;, < 2.5 x 1013M,. The importance of massive major mergers
in lower-mass halos will be the subject of a followup paper.

In Figure[ 15, we show the stellar mass ratios of the progenitoour sample of mergers as a function
of the massM; of the progenitor drawn from sampM. There is little qualitatdifference between the
distributions ofM; /M, based on Petrosian or Model photometry. Both CEN-SAT and-SAT mergers
have mass ratios mostly between 2:1 and 1:1, with the priprayenitors in central mergers tending toward
higher masses than those in SAT-SAT mergers. We discussnihiecations of these mass ratios on the
merger assembly of massive galaxie§4nd.

3.2.3. The Predicted Color-Mass Distribution of MassiveriRants

Recall that besides the sample of 38 merger pairs we havedaistified seven massive mergers based
on their disturbed morphologie§2.2; Fig.[3). Under the assumption that these morpholdgitdentified
mergers are examples of an advanced evolutionary stagedetwteracting pairs of massive galaxies and
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the final coalesced remnantt is worthwhile to compare their positions in the coloelr-mass plane with
the predicted locations for the remnants of the merger p&os each pair of progenitors we calculate the
remnant’s final massl,.,, = M, + fMg and its mass-weighted color

M Mg
(9= ")rem = ~2.5l0gyg | - 1074077e T jg-oatn. 3

rem rem

where the primary progenitor is more massive than the secgriay definition (i.e.M,, > M). The factor
f allows us to adjust the fraction of the secondary progenitoitial mass that is included iNl,.,. In what
follows we use Petrosian-based quantities.

In each panel of Figufe 16 we show the seven morphologioddigtified mergers as squares with CEN
(SAT) examples distinguished by open (closed) symbolsofilke seven have red-sequence colors, and all
CENSs are more massive than the SATs. We first compare thewess distribution of these mergers with
the predict distribution of remnants from the 38 mergersairder the simple assumption that the total mass
of the secondary is always accreted onto the remnfaat {). Nearly all remnants have red-sequence colors
reflecting the nature of their progenitors. In terms of thelat masses of the observed mergers compared
to the predicted remnants, we find better agreement with $#drsfor CENs. Three quarters of the future
remnants at the centers of massive groups are more masaivéha four morphologically-identified CEN
mergers. With small number statistics it is difficult to malefinitive comparisons. It is possible that the
time interval that a late-stage merger is apparent depemdsetlar mass, such that higher-mass mergers
coalesce into a single object faster. Another possib#itthat some mass is lost during the merging process.

Zibetti et al. (2005) found that the intracluster light (I3kithin 100 kpc of the group or cluster center
makes up as much as 40% of the total cluster luminosity (gd&kCL), and they showed that the stars
making up the ICL have the same colors as the old-stellat figin the massive galaxies in the intracluster
environment. Therefore, it is conceivable that some stallass from the massive, red, CEN-SAT mergers
deep in the potential wells of large groups and clusters svimin the ICL rather than as part of the central
remnant galaxy. Various groups have argued that disrumfd®AT galaxies through tidal stripping and
heating can remove 10-80% of their stellar mass and accouttid ICL (Monaco et al. 2006; White etlal.
2007;. Conroy et al. 2007). These theories provide a way ton@le the predicted merger-driven mass
growth abovel0!'' M, in a ACDM cosmology with the little growth that is observed in thellar mass
function (e.g., Wake et al. 2006; Brown etlal. 2007). In thghtipanel of Figuré 16, we try a highly con-
servative test of the latter scenario by assumjfing 0.5 for CEN-SAT remnants, buf = 1 for SAT-SAT
mergers. This assumption implies that each massive SATingevgth the center of its host potential well
would lose 50% of its present stellar mass by the time it coalé from an average projected group-centric
distance of 15 kpc. In the previous section, we show thaeti@EN-SAT mergers have mass ratios typi-
cally within a factor of two of unity, and these systems amadly separated by distances much less than
the ICL half-light radius. These facts suggest either (i)l@mlower SAT mass loss than our conservative
assumption, or (ii) the SAT masses at the ICL half-light uadivere in excess of the CEN with which they

“This is a fair assumption given that all seven morphologyegisturbed mergers have stellar masses in exce$8'oM .
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will eventually merge. Another possibility is that the CE¥WT masses are much more disparate as a result
of the standard SDSS photometry systematically underastimthe CEN luminosities (Lauer et al. 2007).
Resolving these issues is beyond the scope of this papeeathgve simply point out that in terms of rel-
ative stellar mass from SDSS photometry, we see better mgrgebetween the observed mergers and the
predicted remnants at the centers of massive groups if weresthat only half of the SAT mass ends up in
the remnant, which suggests that major mergers at the battdhe potential well in groups and clusters
could be an important source for the ICL.

3.3. Environmental Dependencies

One of the key goals of our study is to quantify the environtalkedependencies, if any, of massive
mergers. Here we use the host’s halo mass, and the distinmioveen CEN (brightest) and SAT members,
to explore the environments of the mergers that we haveifamhin large SDSS groups and clusters from
the local universe. In what follows, we consider the combiisemple of 45 massive mergers: 38 close pairs
identified by residual asymmetric structure plus sevenlaisgurces identified by their morphologically-
disturbed appearance.

3.3.1. Preference for Central Merging

We find that the centers of massive groups and clusters appéder the preferred environment for
the major-merger assembly of present-ddy,, > 10''M, galaxies. More than half of the mergers we
identify involve the central (most-luminous) member of timst dark-matter halo, yet there are five times
less CENs than SATs to merge with in sampM. Thus, on aver&gaf3nassive groups with < 0.12 have
a major merger, but less than 1% of all massive galaxies mitlése groups are merging.

In Figure[17, we compare the group-centric properties of GE&N and SAT mergers. We find that
mergers involving a CEN are significantly closer to the lunsity-weighted center of their host group than
mergers between SAT galaxies. The average projected genipic distance of CEN mergers is 210 kpc,
compared to 490 kpc for SATs. Moreover, relative to the lurmity-weighted group redshifts, the CEN
mergers have a narrower distribution of velocity offsets<( 200 km s~!) than the SAT mergersr(= 370
km s~1). The small group-centric offsets of the CEN mergers arsistent with them residing at the bottom
of their halo’s potential well, where dynamical frictionnsaximum. In contrast, most merging SATs have
large group-centric offsets as expected given their rartkivtheir host group. At face value, these results
indicate that mergers between massive SATs do occur, yetrnimstof their morphologies (Fig.l12) and mass
ratios (Fid.1b) there are no clear differences between GBN-and SAT-SAT merger progenitors.

A merger between two massive galaxies likely occurs at timahjcal center of a common dark-matter
halo. If the merger is between two SATSs, then we may be witngssmerger at the center of a subhalo that
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merged with the larger host hloAnother possibility is that the SAT merger represents the tlynamical
center of the host halo. Indeed, we find that 20% (4/20) of K€ Bergers reside closer to the center of
the group’s projected galaxy distribution than the speciopic CEN galaxy identified by the group catalog,
and have a total stellar mass estimafe + M, that is greater than the mass of the CENy). We
identify these four pairs in Tablg 2 and explore their inogexclusion in the CEN-SAT merger subset in
our analyzes of central merger frequencies and mass agtrates in the following sections.

It is also possible that a significant fraction of the SAT neesgare at the center of a distinct halo
seen in projection along the line of sight to the host halas Ekplanation would explain the group-centric
differences in Figuré_17, and the similarities in color, cemration, and mass ratios that we observe. We
note that 6/20 SAT mergers hawvé, + Ms > Mgy and large projected group-centric distances, providing
circumstantial evidence for membership in a separate dfroup the host of the CEN galaxy. Yet, a simple
calculation shows that there is only a 10% chance for a Ilfrsight projection of a distinct group with
Mhalo > 103 M, within 1 Mpc radius andt400 km s~! depth (following the group-centric properties of
the SAT-SAT mergers in Fig._17). This estimate is an uppeit Ibased on the mean number density of
groups that typically host #0''M., CEN galaxy (0~3-> Mpc—3, Mo & White [2002), and the assumption
that the correlation strength between groups increasel®d¢hedensity relative to the mean by a factor of
10. Therefore, our observed frequency of 3% of groups wittiraé mergers implies that we should find
only three SAT-SAT mergers that are misidentified CEN-SA$tems from a projected group. We find
16—-20 SAT-SAT mergers in 845 groups (1.9-2.4% depending logtiver we consider the four mentioned
above to be at the center of their host), indicating that ragstorrectly identified as SAT-SAT interactions.
Given the large velocity dispersions of high-density emwiments, true SAT-SAT mergers are not expected.
While we do find large group-centric velocity offsets for SBRAT mergers (Fig[_17), for the subset of 12
spec-spec mergers we find no significant difference betwaesrhall velocity separations., see Fig.
[10) of CEN-SAT and SAT-SAT mergers. Therefore, we tentatigenclude that massive SAT-SAT mergers
identify the centers of large subhalos that have recentlyeded onto their host.

3.3.2. Merging Dependence on Halo Mass

By identifying the massive galaxy mergers in a halo mas#didselection of large groups, we can for
the first time constrain their importance as a function oblmhss. In the left panel of Figurel18, we plot the
halo-mass dependence for the frequency of groups that hexgenadriven assembly &y, > 10" Mg
galaxies restricted to group centers. We find that the fyactif groups that have a massive merger at
their center (bold red line) is statistically constant at 8%r the intervall3.4 < log;o (Mpalo/Mg) <
14.9; we note that including the four morphologically-identwfi€EN mergers plus the four misclassified
SAT-SAT mergers at their host’s dynamical center resulta minor increase to this frequency (thin red
line, open diamonds). We contrast our estimate for the mérgguency dependence on halo mass, based

5The halo-based group finderlof Yang et al. (2005) used to pethe SDSS group catalog does not have the ability to distin-
guish subhalos within the halo defining each galaxy group.
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solely on galaxies exhibiting obvious tidal features, tattbbtained from simple close projected pairs of
massive galaxies (dashed black line), which grows steadiilly halo mass as a result of the increased
projected number density of massive galaxies in denseammients. The increased chance of projection
with increasingMy,,;, also occurs for the subset of spec-spec pairs that are foutiteisame host group
(solid black line), but the amplitude is diminished owingti® high spectroscopic incompleteness in the
pairs that we study. Alog;, (Mpaio/Me) < 14.6, the number of spec-spec projected pairs in matched
halos is less than that of all mergers, which by definition tmeside in the same host halo, because the
latter include spec-phot pairs.

In the right panel of Figure_18, we repeat our analysis of meeand projected pair frequencies as a
function of halo mass using the combined CEN-SAT plus SAT-Sa&mple. When considering all possible
mergers that will produce high-mass remnants (red lines)frequency is roughly constant at 5% f8r4 <
logg (Mpalo/Mg) < 14.9. Including/excluding the seven non-pair mergers (morphichlly-identified)
does not change these frequencies significantly. The isgitlesising simple projected pair statistics (black
lines) to estimate merger frequencies grow rapidly out ofkfar massive groups that contain large numbers
of Mgar > 5 x 10'°M, galaxies; e.g., on average nearly half oflad;, (My.10/Me) = 14.5 groups have

one major pair of massive galaxies that appear close ingiroe

Besides merger frequency per group we can approach massigers from a different perspective and
calculate the frequency M., > 5 x 10'°M, SATSs that are currently involved in a merger that can be
identified as such with the technique that we use here. Welesécseparate frequencies for merging with a
CEN or another massive SAT galaxy in bins of halo mass, artdipon in Figuré 19. As a function &fy,,,,,
the SAT merging frequencies decrease from a few percentuioiowest-mass groups, 0 1% for groups
larger thanMy,,, = 5 x 10'3M,. The CEN-SAT merging follows a very similar decreasing treqcy
trend with increasindV,..;, as SAT-SAT mergers, which is qualitatively consistent vaytmamical friction
and provides more circumstantial evidence that SAT-SATgersrare occurring at the dynamical centers of
recently accreted subhalos. Even though SATs have a ldegveevelocity dispersion, they can still merger
through dynamical friction if they are both members of a subh

4, Discussion

We find the first direct observational evidence for an impurfaopulation of galaxy-galaxy mergers
with total stellar masses abou®'' M, in the local universe. These objects provide an unprecedent
census of the progenitor properties for the merger-drigsembly of high-mass galaxies, which we compare
to recent predictions from numerical models of galaxy fdroraand evolution. Moreover, the existence
of these mergers prove that a measurable amount of stellss grawth continues in the massive galaxy
population at present times, and we compare estimates loasdds sample with other estimates in the
literature. Finally, we have identified mergers restrictedeside in large SDSS groups and clusters with
z < 0.12, thus allowing the first constraints on the halo-mass degracids of recent massive merger activity.
While it is well-established that massive galaxies are ncoramon in such high-density environments, we
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are missing much more than 50% of the population With,, < 4 x 10''M, in the local volume, as Table
[ shows. Therefore, we must keep this caveat in mind wherpirging the conditions for which our results
hold. In an upcoming study, we are examining the role of majergers as a function of stellar mass over
the full range of environments hosting galaxies more magsianM,, = 5 x 101°M,.

4.1. Massive Merger Progenitors. Observations Meet Theories

Establishing the luminosity dependence of elliptical (Blegy properties_(Davies etlal. 1983; Bender
1988;/Bender et al. 1992) set the stage for theories regattm types of merger progenitors that would
produce the characteristics of low and high-mass earlg-tgdaxies (ETG)galaxies (Bender et al. 1992;
Kormendy & Bender 1996; Faber etial. 1997). We concentrateatern numerical simulations and semi-
analytic models that attempt to reproduce the kinematiotghetric, and structural properties observed
in massive Es through major merging (Naab et al. 1999; Naal&&t 2008; Khochfar & Burkert 2003,
2005;/Naab et al. 2006b; Boylan-Kolchin eilal. 2006; Kand.e2@07). For this discussion we make the
straight-forward assumption that the major mergers thahawe identified will produce remnants that are
not unlikethe M., > 10" M, galaxy population already in place. We can only guess at aetrproperties
(see Fig[L1b), but in general, massive galaxies on the regesee are typically early-type.

As we show in Figuré_15, the progenitor masses are compai@biee most part, and quantitatively
consistent with the LRG-LRG merger mass spectrum from Miasgieal. (2007) under the assumption that
companions merge on dynamical friction time scal¥sbody simulations (e.g. Naab etlal. 1999) have long
shown thatM; /Ms ~ 1 are necessary to produce the lack of significant rotatioervls in massive Es.
Yet, a near unity mass ratio alone is not sufficient to prodhegoredominance of boxy and anisotropic Es
found at high luminosity| (Naab & Burkert 2003; Naab et al. @0 To match the decreasing fraction of
rotational support and increasing fraction of boxiness areriuminous Es, the role of gas dissipation must
be significantly reduced at high masses (Benderlet al. 198ackfar & Burkert 2005; Naab etlal. 2006a;
Kang et all 2007), and recent ETG-ETG merger simulatione damonstrated this numerically (Naab et al.
2006b). Figures 12 anid 14 show that 90% of the progenitorsisnstudy have concentrated light profiles
and red-sequence colors, both common attributes of ET@sJittlie or no cold gas content. In addition, the
tidal signatures of the bulk of these massive mergers (s [Bi&[7) match those of observed (Bell et al.
2006a) and simulated (Naab etlal. 2006b) major dissip&tdsn{or gas-poor) merging of ETGs. Thus, our
sample represents a more than order-of-magnitude incieabe number of such known systems with
z < 0.2, and demonstrates that dissipationless merging is inde@d@ortant channel for the formation of
massive galaxies.

Finally, we compare the observed high fraction of ETG-ETGgess (frrc—rrc = 0.9) with several
semi-analytic predictions. Recall that we have looked fgns of interaction ir> 200 major pairs from a

The distinction between elliptical and early-type galaiieoften blurred in the literature. We consider Es to be gomaipgical
subset of ETGs, which are concentrated and spheroid-dosdirsystems including Es, lenticulars (S0s), and Sa spik&fisen
referencing other authors we remain faithful to their cea€ nomenclature.
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total sample of> 5000 massive galaxies (i.e., sampM), yet only 10% of the 38 mergeridentify could
possibly form aVlg,, > 10''M, remnant by other than an ETG-ETG merger. The progenitor hubogies

of this study best match the predictions_of Khochfar & ButK@003), who findfgz_g = 0.75 for the last
major merger oftL* remnants, independent of environment. We find much larg&-ETG fractions than
Naab et al.[(2006b) who predict only 20-35% (also independéenvironment) over the estimated mass
range of our merger remnantsl(1 < log;q (Mgstar/Me) < 11.7), and/ Kang et al. (2007) who predict
ferc—ETe < 0.1 for log;; (Mstar/Me) > 11. We note that these predicted progenitor morphologies for
present-day Es are based on the final major mergers that oouald over a large redshift range out to
z ~ 1, which could be different in nature to those that occur inghert time interval that we observe.
Moreover, we focus on high-density environments known teeheery few massive late-type (blue) galaxies
(Butcher & Oemler 1978), which might explain the low numbé&fraixed” (early-late or elliptical-spiral)
mergers that we find. Hence, for these models to be consisidnour data, either (1) thégrg_grg Of
present-day major mergers depends on halo mass (i.e.oemant), or (2) the relative importance of major
mixed mergers has decreased significantly sineel.

4.2. Estimating Stellar Mass Accretion Rates

The existence of massive dissipationless mergers at lsshifets direct observational evidence that the
growth of Mg > 10 M, galaxies continues at present times in agreement with masmalogically-
motivated simulations (Khochfar & Burkert 2005; De Luciaa€12006; Kaviraj & et all 2007; Kang et al.
2007). Moreover, even under conservative assumptiondithétthe amount of companion mass that is
added to massive CEN galaxies, all of our sample will stiutein remnants withVlg;,, > 10" M.
Previously, the observational evidence for recent mebgeed assembly of ~ 0 massive Es was lim-
ited to luminous/massive galaxy clustering statistics gMddi et al! 2006/, Bell et al. 2006b; Masjedi et al.
2007) or post-merger signatures that cannot distinguishidsn minor and major merging; e.g., tidal shells
(Malin & Carter|198RB), fine structure (Schweizer & SeitzeB2¥ faint tidal features (van Dokkum 2005;
Mihos et al. 2005), or kinematic/photometric propertieg (eKang et al. 2007). With the merger sample
presented here we can quantify directly the amount of groeticurring in dense environments, at the
high-mass end of the stellar mass function.

Going from the observed merger counts to an inferred meggeris limited mostly by the uncertainty
in the merger timescalé {..;) that one assumes. Numerical models show that the timevaitéar two
galaxies to interact and finally merge into a single remnamtedds critically on the orbital parameters,
progenitor mass ratios and densities, and the degree tchvilvc merger is dissipationless. For major
mergers of massive galaxies a number of differgnt, have been put forth in the literature based on
simple orbital timescale arguments. For example, Masjedli ¢2006) derived a reasonable lower limit of
tmerg = 0.2 Gyr for a close ¢; 2 = 10 kpc) pair of LRG galaxies with a velocity dispersion @f= 200
km s~!. Naturally, bound pairs witld; » > 10 kpc separation will take longer to merge. Bell et al. (2006b)
made a similar calculation for somewhat less-massive gedaypically separated by, o = 15 kpc and
estimated,,.;; = 0.4 Gyr and argued for at least a factor of two uncertainty in thmse. The mergers
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in this study have an average projected separation of 1% %dg®e Fig[ 100), so in what follows, we adopt
tmerg = 0.4703 Gyr with conservative error bars that encompass the rangaagfrtainties discussed in the
literature.

Here, we compute the rate of stellar mass accretion by magoging onto massive galaxies in large
groups. First, we find that the total mass accreted onto thieieof theNcgn = 845 halos that we study is
> fMs,; = 3.9(3.5) x 1012 M, if we include (exclude) the four SAT-SAT mergers at theist®dynamical
center (seg3.3.1).M; ; is the stellar mass of the secondary (SAT) galaxy inth€ EN-SAT merger, and
is the fraction ofM ; that winds up as part of the CEN galaxy. The rate of stellarsthagdup per massive
CEN galaxy is therefore
Z st,i % 1

NCEN 75morg

or betweerl .05 2 x101°M, Gyr~! and1.2+]§ x 10'°M, Gyr~!, depending on which sample of CEN-SAT
mergers that we consider. The lopsided error bars resuttfine range of accretion rates fgf.., = 0.4J_f8;‘2l
Gyr, as described above. If we divide all of these accretiesrby2.69 x 1011 M, the average stellar mass
of the 845 CEN galaxies in this study, we find that each CENdsvgrg by 1-9% per Gyr. Finally, these
values can be decreased by assumying 1 in (4), but as we discuss §8.2.3, f = 0.5 represents a likely

lower limit.

; (4)

Mcgn =

Likewise, the total stellar mass accreted onto all galakiesampM is> " fMg; + > M ; = 5.1 x
1012M, whereM ; is the mass of the secondary (SAT) galaxy in fleSAT-SAT merger. Therefore, the
growth perMg.r > 5 x 10'°M, galaxy in high-mass groups is

2 M+ My, 1

N - * et °
(Z5><10101w®) (NCEN + NSAT — Ns,sampM) tmerg ( )

whereN; ampm = 12 is the number of secondary SAT galaxies in sampM that aréviedan major mergers
and must be subtracted to avoid double counting. WeXinds gion,) = 24775 x 10°MgGyr™; if
we assumef = 0.5 for CEN-SAT mergers only we findil 5 g10n,) = 1.6755 x 10°MeGyr™!. Given
that the average stellar mass of sampM galaxieis(i$ x 10''M, we find that every massive galaxy is
growing by 1-5% per Gyr. Even though SAT-SAT mergers may nesurequently as CEN-SAT mergers
in these massive groups, the centers are where much of the gnasth takes place. It is clear from
Figure[I5 that mostly onlyg .. > 10''M, galaxies build up in mass by major mergers in groups with
Mhalo > 2.5 x 10¥M. In contrast, we find few mergers among the 10'° < M., < 10 M, galaxies
in these high-mass groups, which make up the bulk (60%) ops&nThis suggests that if major merging
is playing an important role in the strong mass growth olesgtion the red sequence below M* (Bell et al.
2004b; Blanton 2006; Borch etlal. 2006; Faber et al. 2007wBret al. 2007), it is occurring in lower-mass
groups than we study here.

Rather than mass growth rates we can use the same line ohieg$o estimate massive galaxy-galaxy
merging rates of21 + 4) /845 /tyerg = 0.07415022Gyr~! for CEN-SAT and(38 + 7)/(845 + 4531 —
12) /tmerg = 0.02170921Gyr = for all galaxies in sampM. For these estimates we includedstiven ad-
ditional major mergers (4 CEN, 3 SAT) we identified by theighii-disturbed appearance. Masjedi et al.
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(2006) found a strict upper limit to the LRG-LRG rate of oflp06Gyr~—'. We estimate that LRGs have

a stellar mass range dfi.4 < log;o (Mgar/Mg) < 12.0, based on typical red-sequence colors and lu-
minosities betweed L* and 25L*. Within these mass limits, we find a merger rate5@f62/t e =
0.02715-52TGyr~! on the red sequence, or 2-9 times the LRG-LRG rate. In Tableelshow that the
high-mass groups that we study contairv0% of the very-massive, red galaxy population in thel 0.12
volume of DR2, with the vast majority being CENSs. Yet, the seagroup selection contains only 30% of the
population ofl1.4 < log, (Mgar/Mg) < 11.6 systems. These numbers show that a significant portion of
the local counterparts to LRGs are found in groups With,;, < 2.5 x 10*Mg. Therefore, we conclude
that LRG-LRG merging occurs more frequently in the more rwvasgoups.

5  Summary

Using the SDSS DR2 group catalog we probe a sufficiently larggigh volume of the low-redshift
universe to identify major mergers that will produek;,, > 10'' M, galaxies in large groups and clusters.
We find 45 massive mergers in a complete sample of more thahd#laxies withVig,, > 5x 101°M, that
reside in 845 groups withl},,;, > 2.5 x 10*M. We identify 38 pairs of merging galaxies such that both
systems exhibit asymmetric features consistent with nititled interactions, and another seven mergers that
have disturbed morphologies and semi-resolved doublesnuithis work provides the first direct evidence
for present-day massive mergers, and complements existiiijes at higher redshifts (van Dokkum et al.
1999; Bell et al. 2006a; Lotz & et al. 2006; Rines el al. 200¥jth this sample, we provide new empirical
constraints on the progenitor nature, the environmentpknidence, and the stellar mass growth rate of

merger-driven assembly of high-mass galaxies. We summatiz results as follows:

e Mergers, as defined here, make up only 16% of the major pairsgagkive galaxies with a maximum
projected separation of 30 kpc.

e An important percentage (70%) of these mergers would barcmt automated search of spec-spec
pairs as a result of the known spectroscopic incompletenfate SDSS in dense environments.

e 90% of the mergers are between two red-sequence galaxiesaitentrated (spheroid-dominated)
morphologies, and broad tidal asymmetries like those seebdervations and in simulations of major
dissipationless merging of spheroidal galaxies (Naab/208l6b| Bell et al. 2006a).

e Two thirds of the mergers have progenitor mass ratios ofdl2t 1, despite a complete search of major
pairs down to 4:1, indicating that near equal-mass mergimpgaferred in high-density environments.

e Mergers at the centers of massive groups are more commotbétaeen two SAT galaxies, but the
latter are also identified and are morphologically indigtiishable from CEN-SAT mergers. We argue
that SAT-SAT mergers could identify the dynamical centdrsu@e subhalos that have recently been
accreted by their host halo, rather than the centers ohdtdtialos seen in projection.
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e The frequency that massive SATs have a major merger with a-massive CEN or SAT galaxy de-
creases with halo mass in a manner that is qualitativelyistamg with the expectations of dynamical
friction.

e Based onreasonable assumptions, the centers of massigdrntiie present-day universe are growing
in stellar mass by 1-9% per Gyr on average, through majoreneas we observe here.

¢ Red galaxies withVl ., > 2.5 x 10 M, which are comparable to LRGs, merge with their coun-

terparts in these high-mass groups at a rate that is 2—9 tilgher than that found for all LRG-LRG
merging by Masjedi et al. (2006).

It is becoming clear that gas-poor, major merging betweessiva red and bulge-dominated galaxies is
an important mechanism for producing the most-massivexgalaUsing the SDSS we have demonstrated
that the centers of dark-matter halos are the preferredammient for building these giants. Moreover, this

analysis shows that our technigue for identifying such mexds very promising for future studies of much

larger samples.
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physics (MPA), New Mexico State University, University oittBburgh, Princeton University, the United
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Fig. 13.— The systematic stellar mass uncertainty for pniges of the 38 massive mergers plotted against
the corresponding uncertainty in absolutband magnitude, rest-franie — r) color, and pair separation.
All relative differences between quantities based on SD&®Bian and Model magnitudes are such that
A = Petrosian — Model. Solid and open symbols represent galaxy number 1 and Zctsgly.
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Fig. 14.— Distribution of the 76 massive merger progenitarsolor versus stellar mass. Symbols distin-
guish CEN-SAT (stars) and SAT-SAT (circles) mergers witbropymbols representing the progenitor from
sampM. Data points are based on Petrosian photometry witivsishowing the offset t6°(g — ) and

Mgtar Values using SDSS Model magnitudes (see text for details).contours and blue/red galaxy division

are as in Fig[12.
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Fig. 15.— Stellar mass ratios of the progenitors of massiegommergers plotted as a function of the
stellar mass of progenitor number 1. The two panels showtsefr color-derived stellar masses based
on Petrosianléft) and Model fight) SDSS magnitudes. Symbols and color coding are as in[FigThe.
dot-dashed lines show the 4:1 mass ratio boundary of majayeree Mergers witiv; /M, < 1 have no
redshift for the more-massive primary galaxy (i.e., arecgpieot pairs). Mergers on the solid diagonal line
have one progenitor with a mass equaMo = 7.24 x 10'°M., (marked by the arrow).
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Fig. 16.— Predicted stellar masses and mass-weightedscolanassive merger remnants compared with
observations of disturbed-morphology mergers presumbd teearing final coalescence. Small grey circles
show all sampM galaxies more massive thdh = 7.24 x 10'°M.. Open (CEN) and filled (SAT) squares
represent the seven mergers shown in Eig. 3; stars (from SENmergers) and circles (from SAT-SAT
mergers) represent the predicted remnants of the 38 meagrsr heft panel: the simple assumption that
all of the mass from both progenitors is added to the final mhrRight panel:the assumption that 50%
of the SAT progenitor mass is added to the ICL if the mergett tha group center. The blue/red galaxy
division is as in FiglR. All data are based on Petrosian dtiest
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Fig. 17.— Comparison of the group-centric properties ofanajergers occurring at group centers (bold
lines, stars) or between two SAT galaxies (grey bins, aicl&hetop panel shows the transverse projected
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Thebottompanels provide the separate group-centric property ligtans.
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Fig. 18.— Halo-mass dependence for the frequency of majos pagalaxies withM; + M, > 10 M

in groups withMj,.1, > 2.5 x 1013M,. The fraction of groups with CEN-SAT (left panel) and conain
CEN-SAT plus SAT-SAT (right panel) projected pairs are f@dtas a function of halo mass in 0.3 dex bins.
The dashed line with open circles is for all pairs with < 30 kpc, the solid black line with filled circles is
the subset of close pairs that reside in the same host hao-égec only), and the bold red line with filled
diamonds denotes the subset of galaxy-galaxy mergersgpetiispec and spec-phot pairs) identified by our
profile fitting method §2.3). The thin red line with open diamonds in each panel capwbihe galaxy-galaxy
mergers and the additional mergers identified by highlyudi®d morphologies, which provides an upper
limit to the number of mergers per group that are detectabeSS data. For CEN merging (left panel),
this upper limit includes the addition of four SAT-SAT mergéhat appear to be at the actual dynamical
center of their host halo (s¢8.3.1). Poisson errors are shown.

_I I T T T T I T T T T I T T T T I T ]

i SAT with CEN ]
>~0.03 -
Q - SAT with SAT 1
o r T 1
0 i ]
o L 4
L?Lj 0.02 - 7
o i |
. - 1
> i |
£0.01 |- -
= i |

-I I 1 1 1 1 I 1 1 1 1 I 1 1 ]

13.5 14 14.5 15
10916(Mpgio/Mo)

Fig. 19.— Frequency of massiv&l(;,. > 5 x 101M) SATs that are involved in merging with either a

CEN (solid line with stars) or another massive SAT (dashee With circles) galaxy, as a function of halo
mass. Poisson errors are shown.
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Table 1. Massive Galaxy Content in sampM andihe 0.12 SDSS DR2 Volume

stellar-mass bins

[10.7,11.0] [11.0,11.3] [11.3,11.6] [11.6,11.9]

Total in DR2 volume 28377 10690 1943 165
Red sequence in DR2 volume 23657 9846 1897 164
Red percent 83.4% 92.1% 97.6% 99.4%
Total in sampM 3238 1415 599 120
Red sequence in sampM 2979 1329 586 119
Red percent 92.0% 93.9% 97.8% 99.2%
Centrals in sampM 29 241 460 115
Percent of DR2 total 0.1% 2.3% 23.7% 69.7%
Satellites in sampM 3209 1174 139 5
Percent of DR2 total 11.3% 11.0% 7.2% 3.0%

Note. — Bins of stellar mass are in unitslog,(Mg).
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Table 2. Progenitors of Massive Merger Systems

GroupID M., Flag NYUID R.A. Dec z Metar 00(g —7)
1) @ O (4) ®) (6) (@) (8) 9)

121 13.74 CEN 150206 14:14:32.6 +01:43:53.60.053 11.21(11.28) 0.82(0.84)

no na 14:14:32.6 +01:44:01.5 na 10.98(10.95) 0.78(0.77)

830 13.55 CEN 249473 08:54:58.9 +49:08:32.40.052 11.31(11.47) 0.86(0.93)

no na 08:55:00.6 +49:08:32.8 na 10.83(10.82) 0.69(0.74)

419 14.41 CEN 9993 12:27:37.1 -00:23:02.40.115 11.54(11.72)  0.78(0.85)

no na 12:27:36.7 -00:23:10.8 na 11.11(11.17) 0.79(0.79)

54 14.62 CEN 11349 15:08:25.8 -00:15:58.60.090 11.63(11.65) 0.81(0.80)

no na 15:08:25.0 -00:16:07.1 na 11.49(11.45) 0.81(0.80)

614 13.82 CEN 124158 13:52:02.2 +66:50:20.10.068 11.31(11.37) 0.82(0.85)

no na 13:52:01.0 +66:50:19.3 na 10.93(11.02) 0.70(0.75)

163 14.47 CEN 175344 15:09:59.4 +03:00:11.10.092 11.51(11.58) 0.81(0.84)

no na 15:09:59.6 +03:00:03.8 na 11.52(11.21)% 1.05(0.87)

539 14.30 CEN 222852 00:56:20.1 -09:36:29.70.103 11.51(11.51) 0.77(0.77)

no na 00:56:20.0 -09:36:33.7 na 11.25(11.34) 0.74(0.72)

393 1426 CEN 261132 10:04:39.4 +02:57:42.80.104 11.37(11.41) 0.80(0.79)

no na 10:04:39.5 +02:57:39.9 na 10.73(10.73) 0.66(0.62)

398 14.29 CEN 293645 10:37:29.8 -00:40:40.50.096 11.33(11.37) 0.75(0.79)

no na 10:37:29.9 -00:40:46.3 na 11.23(11.11) 0.88(0.84)

214 14.18 CEN 311008 15:41:35.7 +55:58:39.80.068 11.31(11.30) 0.89(0.87)

no na 15:41:345 +55:58:38.9 na 11.26(11.24) 0.76(0.76)

291 14.07 CEN 392792 22:28:25.5 -09:37:22.30.083 11.35(11.42) 0.76(0.81)

no na 22:28:25.6 -09:37:30.4 na 11.28(11.42) 0.81(0.86)

5 1424 CEN 301558 14:40:42.8 +03:27:55.50.027 11.39(11.48) 0.82(0.81)

SAT 301560 14:40:39.0 +03:28:11.00.027 11.14(11.49)% 0.87(0.82)

102 14.32 CEN 44192 09:58:52.2 +01:03:33.10.081 11.26(11.33) 0.67(0.74)

SAT 44193 09:58:52.0 +01:03:46.40.082 11.45(11.68) 1.21(1.06)

759 14.13 CEN 88664 08:46:13.1 +53:26:38.10.113 11.73(11.43)} 1.13(0.92)

SAT 88665 08:46:13.3 +53:26:35.90.113 10.84(11.17)%  0.66(0.69)

74 1427 CEN 258681 11:45:37.2 +64:30:41.40.063 11.42(11.46) 0.84(0.85)

SAT 258682 11:45:37.4 +64:30:45.30.064 11.37(11.41) 0.90(0.81)

847 1391 CEN 274752 10:34:09.7 +04:21:29.80.100 11.42(11.52) 0.82(0.84)

SAT 274751 10:34:09.1 +04:21:30.80.100 11.25(11.56)% 0.86(0.88)

572 13.92 CEN 371303 13:30:10.3 -02:06:18.00.087 11.35(11.38) 0.81(0.79)

SAT 371304 13:30:10.9 -02:06:13.60.086  11.38(11.43) 0.87(0.84)

1775 13.98 CEN 92509 17:20:36.1 +56:39:42.50.120 11.40(11.42) 0.82(0.83)

SAT 92510 17:20:37.7 +56:39:45.10.120 11.33(11.39) 0.78(0.80)

1545 13.43 SAT 364190 13:36:43.6 -03:29:57.00.053 10.91(10.79) 1.01(0.93)
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Table 2—Continued

GroupID M., Flag NYUID R.A. Dec z Metar 00(g —7r)
1) ) ®3) (4) (5) (6) (@) (8) 9)

nof na 13:36:44.3 -03:29:52.5 na 11.05(11.15) 0.72(0.79)

126 13.55  SAT 367419 13:59:25.2 -03:12:29.00.025 10.73(10.58)  0.95(0.86)

no na 13:59:24.8 -03:12:33.1 na 11.07(11.13) 0.81(0.83)

37 14.72 SAT 33684 15:11:20.3 -00:07:20.10.089  11.02(11.10)  0.74(0.77)

no'f na 15:11:19.2 -00:07:16.5 na 11.07(11.03) 0.79(0.74)

72 1479  SAT 83539 08:54:48.7 +00:51:02.60.107 11.11(11.15) 0.62(0.67)

no na 08:54:48.2 +00:50:46.6 na 10.82(11.19)% 0.41(0.65)

2955 13.81 SAT 206506 20:45:09.4 -06:17:05.50.112 10.88(10.87)  0.79(0.80)

no na 20:45:08.9 -06:17:01.5 na 10.85(10.87) 0.88(0.86)

81 14.37 SAT 218908 23:37:05.4 +15:55:58.50.066 10.94(11.14)  0.68(0.74)

no na 23:37:06.2 +15:56:03.2 na 10.22(10.43) 0.49(0.57)

219 14.20 SATIT 223211 23:54:59.6 -09:14:49.40.074 11.03(11.00)  0.84(0.81)

noff na 23:54:59.7 -09:14:53.0 na 10.99(11.03) 0.75(0.75)

14 14.83 SAT 278870 10:39:39.0 +05:10:31.30.068 10.73(10.86) 0.52(0.64)

no na 10:39:38.7 +05:10:32.6 na 11.30(11.36) 0.84(0.81)

1786 13.99  SAT 284077 14:31:09.6 +60:41:18.40.113 10.74(10.72)  0.81(0.79)

no na 14:31:10.2 +60:41:35.7 na 11.05(11.18) 0.74(0.81)

344 13.92 SAT 333778 12:40:30.2 +05:52:21.50.075 11.59(11.36) 1.36(1.15)

no na 12:40:30.9 +05:52:10.6 na 11.50(11.20)% 1.05(0.86)

261 14.26  SAT 336039 17:01:52.2 +35:02:54.90.107 11.01(11.06) 0.67(0.74)

no' na 17:01:53.1 +35:03:04.0 na 11.43(11.47) 0.75(0.87)

75 14.85  SAT 346478 12:47:56.7 +62:36:27.60.107 11.33(11.28) 0.90(0.85)

no na 12:47:56.7 +62:36:23.5 na 10.87(10.58) 0.70(0.63)

170 13.88 SAT'T 352171 13:33:03.2 +60:07:00.00.072 11.37(11.06)* 1.13(0.94)

no'f na 13:33:03.4 +60:07:03.7 na 11.08(10.94) 0.78(0.73)

479 14.28  SAT 373137 14:09:59.4 -01:32:18.90.117 11.64(11.24)* 1.17(0.90)

nof na 14:09:59.5 -01:32:22.8 na 11.41(11.51) 0.71(0.74)

1047 1397  SAT 393494 22:22:48.8 -09:02:14.40.084 11.15(11.23) 0.81(0.80)

no na 22:22:49.0 -09:02:22.2 na 11.28(11.35) 0.78(0.81)

462 1391  SAT 250588 08:36:45.9 +47:22:10.20.053 11.13(11.15) 0.81(0.81)

SAT 250589 08:36:44.8 +47:22:18.90.053 10.97(11.15) 0.79(0.81)

714 13.60  SAT 604118 15:28:12.7 +42:55:47.70.019 10.90(10.94) 0.82(0.87)

SAT 604117 15:28:16.7 +42:56:38.80.018 10.71(10.91)  0.84(0.85)

460 14.24 SAT 241625 09:55:39.5 +01:35:48.40.099 11.24(11.20) 0.80(0.76)

SAT 241629 09:55:40.2 +01:35:50.30.099 10.95(11.29)% 0.68(0.84)

465 14.13 SATIT 294450 10:50:25.4 -00:20:11.10.096 11.20(11.30) 0.80(0.84)

SATTT 294451 10:50:25.5 -00:20:10.10.093 11.21(11.26) 0.86(0.81)
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Table 2—Continued

GroupID M., Flag NYUID R.A. Dec z Mgtar 00(g —7)
(1) (2 3) (4) %) (6) (7) (8) 9)

337 14.12 SAT 269340 09:22:22.2 +02:35:09.30.088 11.19(11.22) 0.83(0.82)
SAT 269341 09:22:22.0 +02:35:13.80.087 10.73(11.16)f 0.75(0.77)

Note. — For each merger pair the progenitor properties aredion two separate lines with the following
columns: group ID number (1) and dark-matter halo mass agtim units oflog,,(Mg) (2) from the public
SDSS DR2 group catalog of Yang et al.; flag (3) for whethenrgaleas identified in group catalog as a central
(CEN), satellite (SAT), or not identified (no) owing to no sprescopic redshift; ID number (4), epoch J2000.0
celestial coordinates (5,6), and spectroscopic redshift¢m the NYU-VAGC,; stellar mass estimates in units
of log;,(Mg) (8) based on SDSS Petrosian(Model) photometry and Bell ¢2@03) M/L ratios; rest-frame
K-corrected to: = 0.0 color (9) from SDSS Petrosian(Model) photometry.

T Estimated stellar mass of the companion exceeds that op#erescopic CEN galaxy of the host; the merger
is added to the CEN-SAT subset in the analysis.

 Total estimated stellar mass of the two SARS;(+ M) exceeds that of the spectroscopic CEN galaxy of
the host; including/excluding the merger to the CEN-SATsstlis analyzed.

¥ More than factor of 2 difference (0.3 dex) between PetroarahModel-basedl,; ., estimates.
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