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ABSTRACT

Galaxy merger rates are challenging to measure observationally, and this lead t@ large differences
quoted in the literature between galaxy populations with different selection and at/different redshifts.
We address this problem by calibrating three popular merger rate estimgtors agginst a suite of high-
resolution hydrodynamic simulations and three galaxy formation models. Mergeyrates are determined
by estimating the cosmologically-averaged merger observability timescale for (1) close galaxy pairs,
(2) the morphology indicator G — Mag, and (3) the galaxy rotational asymmetry, We then apply these
timescales to the observed close pair and morphologically-determined merger fractions at z < 1.5
using a number of recent literature results. We identify two key properties to which each merger
rate estimator is most sensitive: the merger mass ratio and the baryonic gas fraction. We find
that close pair studies generally select mergers with mass/luminosity ratios between 1:1 and 1:4
(i.e. major mergers), while G — My identifies mergers with baryonic mass ratios between 1:1 and
1:10 (i.e. both major and minor mergers). Asymmetry timescales depend strongly on baryonic gas
fraction and hence can evolve significantly with time. However, when physically-motivated timescales
(calibrated against the simulations) and consistent parent sample selection are adopted, the different
observed galaxy merger rates become remarkably consistent. Selecting parent galaxy samples with a
constant co-moving number density reveals a strong evolution in the underlying major merger rate,
o (14 z)3. The evolution of the minor merger rate at constant number density is flatter, oc (1 + 2)0.
Major merger rates for galaxy samples selected by stellar-mass, evolving luminosity,
and constant number density are all in good agreement with the major merger rates
predicted for dark matter halos when we match galaxy samples to the correct dark halo
masses at each redshift. In contrast, galaxy minor merger rates are 2-3 times higher
than expected for similar dark matter halo mergers.

Subject headings: galaxies:evolution — galaxies:high-redshift — galaxies:interacting — galaxies:structure
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1. INTRODUCTION

The galaxy merger rate over cosmic time is one of
the fundamental measures of the evolution of galaxies.
Galaxies and the dark matter halos they live in must
grow with time through mergers with other galaxies and
through the accretion of gas and dark matter from the
cosmic web. Over the past 10 billion years, the global
star-formation rate density has declined by a factor of 10
(e.g. Lilly et al. 1996; Madau et al. 1996; Hopkins &
Beacom 2006) while the global stellar-mass density has
increased by a factor of two (e.g. Rudnick et al. 2003;
Dickinson et al. 2003) . At the same time, massive galax-
ies have been transformed from rapidly star-forming disk
galaxies into quiescent bulge-dominated galaxies hosting
super-massive black holes (e.g. Bell et al. 2004; Faber
et al. 2007; Brown et al. 2007). Galaxy mergers may
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be the process that drives galaxy assembly, rapid star-
formation at early times, the accretion of gas onto central
super-massive black holes, and the formation of disper-
sion dominated spheroids (e.g. Toomre 1977; White &
Rees 1978; Kauffmann et al. 1993, 1998; Mihos & Hern-
quist 1996; Sanders & Mirabel 1996; Somerville et al.
2001, 2008; di Matteo et al. 2008; Hopkins et al. 2005,
2008). Because other physical processes are also at work,
direct observations of the galaxy mergers are needed to
understand their global importance to galaxy evolution
and assembly.

In a cold-dark matter dominated universe, massive
structures are expected to grow hierarchically. Numeri-
cal simulations consistently predict that the dark matter
halo - halo merger rate per progenitor (or descendant)

Hlalo at fixed halo mass changes rapidly with redshift

~ (1+2)?73 (e.g. Gottlsber, Klypin, & Kratsvov 2001;
Fakhouri & Ma 2008; Genel et al. 2009). The dark mat-
ter merger rate is expected to scale with mass and mass
ratio (Fakhouri & Ma 2008). More massive halos are
rarer, but have more frequent merger rates per halo. Mi-
nor mergers with mass ratios greater than 1:4 should be
much more common per halo than major mergers with
comparable mass halos.

However, the theoretical predictions for the galazy
merger rate remain highly uncertain (e.g. Jogee et al.
2009; see Hopkins et al. 2010 for review). The predicted
(1 + 2)3 evolution in the dark-matter halo merger rate
(per halo above a fixed total mass) does not automat-
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ically translate into a (1 + z)® evolution in the galaxy
merger rate (per galaxy above a fixed stellar mass) be-
cause there is not a simple connection between observed
galaxies and dark matter halos (Berrier et al. 2006; Hop-
kins et al. 2010 ). Many galaxy evolution models predict
that the evolution of major mergers of galaxies selected
above a fixed stellar mass (~ 10'°Mg) changes more
modestly with redshift ( ~ (1 + 2)!2), but these also
have a order of magnitude variation in their normaliza-
tions. The largest source of theoretical uncertainty is the

ter halos and sub-halos, and in turn, required to match
the observational selection of luminous merging galaxies.

Despite more than a decade of work, the observed
galaxy merger rate and its evolution with redshift has
remained an unsolved problem. Current observations
of the fraction of bright/massive galaxies undergoing a
merger differ by an order of magnitude (Fig. 1), and
estimates of the evolution in this merger fraction of at
0 < z < 1.5 vary from weak or no evolution (e.g. Bundy
et al. 2004; Lin et al 2004; Lotz et al. 2008; Jogee et al.
2009; Bundy et al. 2009; Shi et al. 2009; de Ravel et al.
2009; Robaina et al 2010) to strong evolution ( ~ (1+2)3;
Le Fevre et al. 2000; Conselice et al. 2009; Cassata et al.
2004; Kartaltepe et al. 2007; Rawat et al. 2008; Bridge
et al. 2010; Lépez-Sanjuan et al. 2009 ). It has been
difficult to understand the source of these discrepancies,
as the various studies often employ different criteria for
counting galaxy mergers and different selections for the
parent galaxy samples. 17y

These observational studié identify galaxy merger
candidates either as galaxies/as. close pairs (in projected
or real 3-D space) or galaxiés with distorted morpholo-
gies (measured quantitatively or by visual inspection).
A key obstacle to the consistent measurement of the
galaxy merger rate has been the poorly constrained
timescales for detecting galaxy mergers selected using
different methods. Close pairs find galaxies before they
merge, while merger-induced morphological disturbances
can appear before, during, and after a galaxy merger.
Moreover, morphological studies use a variety of tracers
to classify galaxies as mergers (such as G — My, asym-

K[l\wy baryonic physics required to map galaxies onto dark mat-

“ metry, tidal tails), which have differing sensitivities to

different merger properties such as mass ratio and gas
fraction. Thanks to new high-resolution,simulations of
galaxy mergers which model realistic ligﬁt proﬁle}(e.g.
Jonnson et al 2006), it is now possible to estimate the
timescales for detecting galaxy mergers with a variety of
close pair and morphological criteria (Lotz et al. 2008b;
Lotz et al. 2010a, b). These simulations also span a
range of merger properties, including progenitor mass,
mass ratio, gas fraction, and orbital parameters (Cox et
al. 2006, 2008). Mass ratio and gas fraction are es-
pecially important for interpreting the merger fractions
derived from morphological studies.

The goal of this paper is to self-consistently determine
the observational galaxy merger rate at z < 1.5 from re-
cent close pair and morphological studies. We weight the
merger timescales from individual high-resolution simu-
lations by the expected distribution of merger properties
(including gas fraction and mass ratio) to determine the
average observability timescale as a function of redshift
for each method for finding galaxy mergers (close pairs,
G — My, asymmetry). These new calculations of the
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average observability timescales are crucial for interpret-
ing the observed galaxy merger fractions. We re-analyze
the observations of galaxy mergers at z < 1.5 from the
recent literature and derive new estimates of the galaxy
merger rate. We also carefully consider the effects of
parent sample selection on the inferred evolution of the
galaxy merger rate. We conclude that when the differ-
ences in the methodology and sample selection are prop-
erly accounted for, we are able to derive a consistent mea-
sures of the major and minor galaxy merger rate and its
evolution.

In §2, we define the volume-averaged galaxy merger
rate, I'merg, as the co-moving number density of on-going
galaxy merger events per unit time, and the fractional
galaxy merger rate, Rmerg, as the number of galaxy
merger events per unit time per selected galaxy. We
discuss how to calculate Cinerg and Rperg using close
pairs and disturbed morphologies. In §3, we review the
recent literature estimates of the galaxy merger fraction
using quantitative morphology (G — M — 20, asymme-
try) and close pairs of galaxies and discuss the impor-
tance of the parent sample selection. In §4, we review
the results from the individual high-resolution galaxy
merger simulations. We present new calculations of the
cosmologically-averaged merger observability timescale
(Tobs(2)) for close pairs, G — My, and asymmetry, using
the distribution of galaxy merger properties predicted
by three different galaxy evolution models (Croton et al.
2006; Somerville et al. 2008; Stewart et al. 2008). In
§5, we derive the fractional and volume-averaged major
and minor galaxy merger rates for galaxy samples se-
lected by stellar-mass, evolving luminosity, and constant
co-moving number density at z < 1.5. We compare these
rateél to the expected dark matter halo and theoretical
galaxy merger rates. Throughout this work, we assume
Qm =0.3, Q1 = 0.7, and Hy = 70 km s~! Mpc~1, except
for close pair projected separations where h = H, /100
km s~ Mpc~1.

2. CALCULATING THE GALAXY MERGER RATE

The volume-averaged galaxy merger rate Crerg is de-
fined as the number of on-going merger events per unit
co-moving volume, I'p,erg, divided by the time Tmerg for
the merger to occur from the initial encounter to the final
coalescence:

r _ ¢merg

merg —
g Tmer ]

(1)

\é_However, the number density of galaxies identified
as galaxy mergers @merg will depend on the average
timescale (T,ps) during which the merger can be observed
given the method used to identify it, such that

(Tobs>
Tmer g

(2)

l““Therefore the galaxy merger rate I' can be calculated
from the observed number density of galaxy merger can-
didates I'yerg as follows:

¢;nerg = ¢merg

/
merg Tmerg _ ¥Ymerg

Tmerg <Tobs> N <T’obs> (3)

The majority of past merger calculations have assumed
(Tobs) as a constant value ranging from ~ 0.2 Gyr to 1
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Gyr, without considering the differences in methodology,
the effect of merger parameters, or redshift-dependent
changes in the ability to detect mergers. In §4, we present
detailed calculations of (Thss) as a function of redshift, for
different methods using theoretical models of galaxy in-
teractions and the evolving distribution of galaxy merger
properties.

__ Galaxy mergers can be directly identified as close

galaxy pairs 'which have a high probability of merging

~ withinl a short time. . Galescypaies with similar masses

that lie within a hundred kpc of each other and have
relative velocities less than a few hundred km s~! are
likely to merge within a few billion years. Individual close
galaxy pairs may be found by counting up the numbers of
galaxies with companions within a given projected sep-
aration Rp.,; and within a relative velocity or redshift
range. However, spectroscopic determination of the rela-
tive velocities of close pairs is observationally expensive,
and prone to incompleteness due to slit/fiber collisions
and biased detection of emission-line galaxies (e.g. Lin
et al. 2004, 2008; de Ravel et al. 2009). Photometric
redshifts are often used as a proxy for spectroscopic ve-
locity separations (e.g. Kartaltepe et al. 2007, Bundy
et al. 2009). However, even high precision photometric
redshifts 1‘122 ~ 0.02) are only accurate to 100-200 Mpc
along the line of sight. Therefore large statistical correc-
tions for false pairs are required for photometrically se-
lected pair studies (e.g. Kartaltepe et al. 2007). Finally,
two-point angular correlation studies of large samples of
galaxies have also been used to determine the statistical
excess of galaxies within a given dark matter halo (e.g.
Masjedi et al. 2006, Robaina et al. 2010). These stud-
ies are less prone to line-of-sight projection issues, but
cannot identify individual merging systems.

Morphological disturbances also indicate a recent or
on-going merger. Galaxy mergers experience strong
gravitational tides, triggered star-formation, and the re-
distribution of their stars and gas into a single relaxed
galaxy. This gravitational rearrangement results in mor-
phological distortions — e.g. asymmetries, double nuclei,
tidal tails — which are detectable in high-resolution im-
ages. Such disturbances can be found through visual
inspection by human classifiers, or by quantitative mea-
surements of galaxy structures. Several different quanti-
tative methods are commonly used to measure galaxy
morphology and classify galaxy mergers. Rotational
asymmetry (A) picks out large-scale high surface bright-
ness asymmetric structures (e.g. Abraham et al. 1994;
Conselice, Bershady, & Jangren 2@2; the combinatio
of the Gini coefficient (G; Abrahani et al. 2003) and
second-order moment of the brightest 20% of thé'light
(Mz) selects galaxies with multiple bright nuclei (Lotz
et al. 2004). Both of these methods require high signal-
to-noise and high spatial resolution images generally only
achievable with the Hubble Space Telescope (HST) at
z > 0.3, as well as a training set to distinguish ‘normal’
galaxies from merger candidates.

The merger fraction, ferg, is the fraction of galaxie
identified as mergers for a given galaxy sample, and i
often presented instead of the number density of observed
merger events. Thus ¢;nerg depends on both the merger
fraction and the co-moving number density of galaxies in

the selected sample, ng4q;:

;nerg = fmergNgal (4)

For both morphologically-selected and close pair

merger candidates, a correction factor is applied to the .

merger fraction to account for contamination from ob-
jects wireh, are not mergers. For morphological merger
selection, this correction is applied prior to calculating
fmerg based on visual inspection or a statistical correc-
tion. For close pairs, the fraction of pairs ( fpair) or the
fraction of galaxies in a pair (N; ~ 2fpqir) is multiplied
by this correction factor Crerg, such that

N,
fmerg = Cmergfpair i~ Cmerg? (5)

&Numerical simulations and empirical measurements
suggest that Crerg is ~ 0.4-1.0 for close pairs selected
with projected separations < 20—30 kpc h~1 (Kitzbich-
ler & White 2008, Patton & Atfield 2008; see Bundy et
al. 2009 for discussion).

Multiple authors have estimated the fractional merger
rate Rperg instead of I'yery where

fme'rg Cmerg fpair
§Rme'r‘ = = 6
2 <Tobs> <Tobs) ( )

(e.g. Lopez-Sanjuan et al. 2009, Bundy et al. 2009,
Bridge et al. 2010, Conselice et al. 2009, Jogee et al.
2009). In principle, the fractional merger rate RNperg
circumvents variation in nge;, which may change from
field to field with cosmic variance and is a factor of two
or more lower at z ~ 1 than z ~ 0.2 for fixed stellar
mass or passive luminosity evolution selection (Figure
2). Semi- analytical models also have difficulty simulta-
neously reproducing the correct galaxy number densities
at all mass scales, but may be more robustly compared
to observations for relative trends such as Rmerg (ref?).
I'merg traces the number of merger events per co-
moving volume above some mass/luminosity limit,
while R,ery traces the number of merger events per
(bright/massive) galaxy. It is often implicitly assumed
that any evolution with redshift is not dependent on
Ngal(2) or the galaxy selection either because the par-
ent galaxy samples are selected in a uniform way or be-
cause the merger rate is not a strong function of galaxy
luminosity, mass, or number-density. However, several
studies have found that the fraction of mergers increases
significantly at fainter absolute magnitudes/lower stellar
masses (Bridge et al. 2010; de Ravel et al. 2009; Lin et
al. 2004; Bundy et al 2005). Therefore comparison of
different observational estimates of Cinerg oF Rpperg will
require careful consideration of the parent galaxy sample
selection criteria. We will return to this issue in §3.5.

3. GALAXY MERGER OBSERVATIONS

Despite the large number of galaxy merger studies,
there is little consensus on the galaxy merger rate or
its evolution with redshift at 2 < 1.5. In part, this is
because many studies have compared the galaxy merger
fraction frerg(2) (Figure 1) or the galaxy merger rate for
galaxy merger samples selected with different approaches
and/or with different parent sample criteria. In this sec-
tion, we review the selection of galaxy mergers and their
parent samples for a variety of recent merger studies at
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z < 1.5. We will focus on works that identify merger
via quantitative morphology (G — My, A) or close pairs,
but briefly discuss results from other approaches. Almost
all of these studies have calculated either the evolution
in the merger fraction (fimerg Or fpair), thereby ignoring
(Tobs(2)), or the merger rate I'perg or Rmerg by assuming
a constant (T,ps) with redshift.

3.1. G — Myg-Selected Mergers

One quantitative morphological approach to identify-
ing galaxy mergers in high-resolution images has been
the G — Mo method. The Gini coefficient G is a mea-
surement of the relative distribution of lux values in the
pixels associated with a galaxy, such that uniform sur-
face brightness galaxies have low G and galaxies with
very bright nuclei have high G (Abraham et al. 2003;
Lotz et al. 2004). When G is combined with Msg, the
second-order moment of the brightest 20% of the light,
local spiral and elliptical galaxies follow a well-defined se-
quence and local mergers have higher G and and higher
Mz values (Lotz et al. 2004). Simulations of galaxy
mergers revealed that the G — My technique primarily
identifies mergers during the first pass and final merger
(Lotz et al. 2008b) and is sensitive to mergers with bary-
onic mass ratios between 1:1 - 1:10 (Lotz et al. 2010b).
It has been noted by multiple authors that the merger
sample found by the G — My technique is incomplete
(Kampczyk et al. 2007; Scarlata et al. 2007). This
is consistent with the results from galaxy merger simu-
lations, which predict that G — My identifies merging
systems for only a short period while double nuclei are
evident (Lotz et al. 2008; Lotz et al. 2010a, b).

By applying the G — M‘& 20> technique to high-
resolution HST Advanced Camera for Surveys V
(F606W) and I (F814W) images of the Extended Groth
Strip (Davis et al. 2007), Lotz et al. (2008a) found
fmerg = 1032% for a sample of galaxies at 0.2 < z < 1.2.
This work concluded that the galaxy merger fraction and
rate evolved weakly over this redshift range: Smerg(2)
(1 + 2)0-23+1.03 The parent sample was selected to
be brighter than 0.4L%(2), assuming passive luminosity
evolution of galaxies and rest-frame B luminosity func-
tions calculated for the Extended Groth Strip (Mp <
—18.94 — 1.3z; Faber et al. 2007). The merger frac-
tions were corrected for visually- and spectroscopically-
identified false mergers, and the statistical uncertainties
associated with galaxies scattering from the main locus
on normal galaxies to merger-like G — My values. The
fmerg and ngq; values from Lotz et al. (2008a) are given
in Table 2.

For this paper, we have also computed Smerg(G— Map)
for a parent sample selected above a fixed stellar mass
Mgior > 1010M@ for the same HST observations of the
Extended Groth Strip. (Stellar masses courtesy of S.
Salim, private communication). We estimated Ngal USINg
the galaxy stellar mass functions v. redshift given by
Ilbert et al. (2010). We note that these were derived
using a different field (COSMOS), but are consistent with
the galaxy stellar mass function computed for Extended
Groth Strip with larger redshift bins (Bundy ef al. 2006).

3.2. Asymmetric Galazies

Another commonly-used measure of morphological dis-
disturbance is the rotational asymmetry, A. Asymmetry

measures the strength of residuals when a galaxys profile
is subtracted from its 180-degree rotated profile (Abra-
ham et al. 1994; Conselice et al. 2000). Merger simula-
tions suggest that high A values may last for a longer pe-
riod of time than G — My detected disturbances (Lotz et
al. 2008b, 2010a,b). As we discuss in §4, A is highly sen-
sitive to gas fraction and, for local gas fractions, probes
mergers with a different range of mass ratio than G— Mag.

Early studies of small deep HST fields by Abraham
et al. (1996) and Conselice et al. (2003, 2005) showed
strong evolution in the fraction of asymmetric galaxies
at 0 < 2z < 3 with stellar masses > 101°M. Subsequent
studies based on on larger HST surveys confirmed this
initial result at 0 < z < 1.2 (Cassata et al. 2005, Con-
selice et al. 2009, Lépez- Sanjuan et al. 2009; but see Shi
et al. 2009). For this paper, we consider the measure-
ments for three recent studies: Conselice et al. (2009),
Lépez-Sanjuan et al. (2009) and Shi et al. (2009). Low
signal-to-noise images and redshift-dependent surface-
brightness dimming can produce strong biases to the
asymmetry measurements. Each of these asymmetry
studies makes different assumptions about how to correct
for these effects, and therefore draw different conclusions
about frerg(2).

Conselice et al. (2009) computed asymmetry fractions
for galaxies at 0.2 < 2z < 1.2 selected from the COS-
MOS (Scoville et al. 2007 ), GEMS (Rix et al. 2004),
GOODS (Giavalisco et al. 2004) and AEGIS (Davis et
al. 2007) HST surveys. They find that the fraction of
galaxies with stellar masses > 10'°M, that have high
asymmetry increases from ~ 4% at z = 0.2 to 14% at
z = 1.2, with fimerg(2) o (142)%3%94, These asymmetry
fractions are corrected for an assumed mean decrease in
asymmetry with redshift due to surface-brightness dim-
ming ((6A) = —0.05 at 2 = 1). False merger candidates
scattered to high A values are visually identified and re-
moved from the final asymmetric galaxy fractions, as are
galaxies with high A but low clumpiness (S) values.

Lépez-Sanjuan et al. (2009) also computes the frac-
tion of asymmetric galaxies in the GOODS fields selected
from a parent sample at z < 1 with with stellar masses
> 10°Mg. They find even stronger evolution in the
merger fraction frerg(2) o< (1 + 2)°4%04, but=with=9-
3=times—lewer-normalization~than~the=Consetice—et—ai—
(2089)=studs. They apply a similar redshift-dependent
correction for surface-brightness dimming to the mea-
sured asymmetry values, but correct their asymmetry
values to the values expected to be observed at z = 1,
rather than z = 0 as Conselice et al. 2009 does. This
results in lower fy,erg values. Also, rather than visu-
ally inspect the asymmetric merger candidates for false
mergers, they employ a maximum-likelihood approach
to determining how many normal galaxies are likely to
be scattered to high asymmetry values via large measure-
ment errors and infer a high contamination rate (> 50%).
Consequently, their merger fractions are much lower than
Conselice et al. (2009), but follow similar evolutionary
trends with redshift.

Shi et al. (2009) also examine the fraction of asymmet-
ric galaxies in HST images of the GOODS fields. How-
ever, they select galaxies based on an evolving luminosity
cut (Mp < —18.94—1.32) and apply different corrections
for the effects of sky noise and surface-brightness dim-
ming to the asymmetry measurements. Shi et al. (2009)
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find that the fraction of asymmetric galaxies has not
evolved strongly at z < 1 with fierg(2) oc (1 + 2)0-9%0-3,
but find asymmetric fractions 2 — 3 times higher than
Conselice et al. (2009). Shi et al. (2009) note that in
addition to a redshift-dependent surface-brightness dim-
ming correction to the measured asymmetry values, cor-
rection based on the signal-to-noise of the image may be
required. Extremely deep images (i.e. the Hubble Ultra
Deep Field; Beckwith et al. 2006) can give asymmetry
values 0.05 — 0.10 higher than lower signal-to-noise im-
ages of the same galaxy (Shi et al. 2009; Lotz et al.
2006). Based on extensive simulations of this effect, Shi
et al. (2009) correct the observed fractions of asymmetric
galaxies to that expected for high signal-to-noise obser-
vations in the local universe. No correction for falsely-
identified merger candidates is applied, hence the Shi et
al. (2009) results may be considered an upper limit to the
fraction of asymmetric galaxies while the Lépez-Sanjuan
et al. (2009) result may be considered a lower limit. It
is also possible that the different signal-to-noise thresh-
olds for detecting asymmetry probe different processes
(clumpy star-formation, minor mergers, major mergers).

3.3. Close Pairs

Numerous studies have attempted to measure the
galaxy merger rate by counting the numbers of galax-
ies with close companions. However, these studies often
adopt different criteria for the projected separation of
galaxies, the stellar mass (luminosity) ratio of primary
and companion galaxy, and the stellar mass (luminos-
ity) range of the parent sample. We can account for
different projected separation criteria in our estimates of
the merger rate by modifying the dynamical timescale.
But without a priori knowledge of how the merger rate
depends on mass ratio and mass, we cannot compare

merger studies where close pairs are selected with differ-
ent mass ratios or from samples with different limiting
masses. Here we describe the different criteria adopted
by different studies, and how these criteria are likely to
affect our derivation of the merger rate. We divide these
studies into those selected by stellar mass and those se-
lected by rest-frame luminosities.

3.3.1. Luminosity-selected pairs

Lin et al. (2008) find weak evolution in the pair frac-
tion between 0 < z < 1.1, with fpeir x (1 + 2)04£02,
This work reanalyzes paired galaxies from the Team Keck
Treasury Redshift Survey (Wirth et al. 2004), DEEP2
Galaxy Redshift Survey (Davis et al. 2004; Lin et al.
2004), CNOC2 Survey (Yee et al. 2000; Patton et al.
2002), and Millennium Galaxy Survey (Liske et al. 2003;
de Propris et al. 2005) with a uniform selection criteria.
They require that both objects in the pair have spectro-
scopic redshifts, relative velocities §V < 500 km s™1, and
projected separations 10 < R,ro; < 30 kpc h™1. In order
to restrict their sample to major mergers, they select only
galaxies and their companion within a limited rest-frame
B luminosity range corresponding to a luminosity ratio
1:1 - 1:4. Based on the evolution of rest-frame B galaxy
luminosity function with redshift observed by DEEP2
(Willmer et al. 2006; Faber et al. 2007), they assume
that the typical galaxy fades by 1.3Mp per unit redshift,
and therefore haveafedshift—dependent luminosity range
—21 < Mp + 1.3z é —19. An additional complication is
the correction for paired galaxies where a spectroscopic
redshift is not obtained for one galaxy in the pair, ei-
ther because of the spectroscopic survey sampling (not
observed) or incompleteness (not measurable). This cor-
rection is a function of color, magnitude, and redshift,
and therefore is not trivial to compute. We give Lin et
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al.s (2008) N, (uncorrected) values and completeness-
corrected pair fractions f,q;- in Table 1.
de Ravel et al. (2009) recently completed a similar
study, using galaxies with spectroscopic redshifts 0.5 <
z < 0.9 from the VIRMOS VLT Deep Survey (VVDS).
They find that the evolution in the pair fraction depends
on the luminosity of the parent sample, with brighter
pairs showing less evolution (fpesr o< (1 + 2)3%%%7) than
fainter pairs (fpasr o< (1 + 2)473%201) We will ex-
amine only the bright sample results, as this selection
‘7)0'-4\ sy (Mp < —18.77 — 1.12) is similar the Lin et al. (2008)
obove Hat study. They adopt a similar luminosity ratio for the
wod L‘&’I}‘aired galaxies (§Mp <'1.5) to the Lin et al. 2008 study.
I b hey also compute the pair fraction Spair at several dif-

jef -\ */ ferent projected separations. We use their values for
a9o~1‘ R,05 < 100 kpe ™1 and §V < 500 km s~ because these
V5 Mags v have the smallest statistical errors and give merger rates
= TR - consistent with smaller projected separation. The num-
Lo ber density of galaxies was computed using the VVDS
he better rest-frame B luminosity functions (Ilbert et al. 2005).
o cf-i’““ Kartaltepe et al. (2007) used photometric redshifts to
Wi select objects at 0.2 < z < 1.2 with close companions
e so+= from deep K-band imaging of the COSMOS field. They
d find that the pair fraction evolves strongly with redshift
s Jpair ¢ (14 2)31%091 in rough agreement with a later

study by Rawat et al. (2008) of J-band selected pairs
in the Chandra Deep Field South. To minimize the con-
tamination from false pairs, they applied a stricter pro-
Jected separation criteria of 5 < Ryro; < 20 kpe h~1 and
02phot < 0.05. They also selected pairs of galaxies where
both objects were brighter than a fixed absolute magni-
tude My = —19.8 which corresponds to Ly, at z = 0.
The range of mass ratios is not well-defined, but > L*
galaxies are rare, thus the majority of pairs will have
luminosity ratios between 1:1 and 1:4.

Because their luminosity selection does not evolve with
redshift, the Kartaltepe study probes a fainter parent
population of galaxies at z ~ 1 and brighter parent pop-
ulation at z ~ 0.2 relative to the de Ravel and Lin et
al. spectroscopic pair studies and the Lotz et al. (2008a)
G — My study. This makes it @Eﬁlt\;to directly com-
pare the Kartaltepe et al. (2007) results to other studies
which adopt evolving luminosity selection. They con-
sider the evolution of fpair When an evolving luminos-
ity cut My < —19.8 4+ 1.0z is adopted, and find that
their conclusions about the evolution of fpair(z) do not
change. In this work, we will use the COSMOS pair frac-
tions selected with My < —19.8 — 1.0z (J. Kartaltepe,
private com.) to compare with the other merger studies.
Because no published rest-frame V' luminosity function
is available for the COSMOS field, we estimate Ngal for
My < -19.8 - 1.0z from Jlbert et al. (2005) rest-frame
V-band luminosity function of the VVDS field. We will
return to the issue of parent sample selection and its ef-
fects on the evolution in the observed galaxy merger rate
in §3.5 .

Patton & Atfield (2008) select z ~ 0.05 close pairs
with spectroscopic redshifts from the Sloan Digital Sky
Survey. These are required to have §V < 500 km s™L,
5 < Rproj < 20 km h™!, and rest-frame r-band lumi-
nosity ratios between 1:1 and 1:2. The parent sample is
drawn from galaxies with —22 < M, < —18. They derive
a completeness-corrected value of N, = 0.021 + 0.001.
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Patton & Atfield argue that between 50-80% of these
i line-of-sight projections, higher than the 40%
(Cmerg ~ 0.6) assumed here and in other works.

3.3.2. Stellar-mass selected pairs

In order to avoid assumptions about galaxy rest-frame
luminosity evolution, Bundy et al. (2009) select galaxy
pairs in the GOODS fields based on a fixed stellar mass
and find that the pair fraction does not evolve strongly at
z < 1.2, with fpair oc (14 2)1-6+16, They compute stel- b)
lar masses by fitting the galaxies’spectral energy distri- 5
butions (0.4 —2 ym) with Bruzual & Charlot (2003) stel-
lar population models, assuming a Chabrier (2003) stel-
lar initial mass function. The galaxy sample is selected
above a fixed stellar mass limit of Mg, > 10100
Close pairs are selected to be within 5 < Ryroj < 20
kpc h~! and with stellar mass ratios between 1:1 and
1:4. Bundy et al. (2009) includes paired galaxies
with both spectroscopic and photometric redshifts where
02% < 02 rimary + O satenite and the typical photomet-
ric redshift error o, < 0.08(1 + 2). We estimate the
number density of GOODS galaxies with stellar masses
> 10'Mg from Bundy et al. (2005).
In addition to their luminosity-based selection, de
Ravel et al. (2009) also select spectroscopic VVDS
galaxy pairs by stellar mass. The derived pair fraction
evolution depends on the stellar mass limit of the sample,
with more massive pairs showing weak evolution (fpqir o
(14 2)?04£1:65) consistent with the Bundy et al. (2009)
results. Their stellar masses are computed with similar
population synthesis models and multi-wavelength pho-
tometric data to the Bundy et al. (2009). de Ravel et ;
al. (2009) assumes a modest evolution of stellar mass J‘)‘} wt
Qmass(2) = —0.187z and selects a parent s ple_with
an evolving stellar mass limit log[Mtar] + Qmass(2) >

log[101°M). As for the luminosity selected sample, we Q (%)
use de Ravel et al. (2009) ’s spectroscopic pairs with \p:““
Rproj < 100 kpe A~ and 6V <500 km s~!. Galaxy i \‘(‘“'
pairs are required to have stellar mass ratio between 1:1 = L", :"
and 1:4. We estimate the number density of galaxies A% furk
from the Pozzetti et al. (2007) K-selected stellar mass Gls —
functions computed for the VVDS. Vs wic A
Cale
3.4. Visually Classified Mergers 1 S..,\‘
The visual classification of morphologically disturbed weate
galaxies has a long history (e.g. Hubble 1926), and 5§
has increased in scale and sophistication, with—tie=Stoan lg[f‘l;h./"@
i jeck. Several recent — O.187 2

studies have estimated the galaxy merger fraction and leg 1V g
. ; ) 7%

rate using large samples of visually-classified mergers at
z < 1.5, including the Galaxy Zoo project (Darg et al.
2010; also Jogee et al. 2009; Bridge et al. 2010). How-
ever, studies of the evolution of visually-classified merg-
ers also reach contradictory conclusions.

Jogee et al. (2009) visually classified galaxies with stel- lo_s s

lar masses > 2.5 x 101°M¢ at 0.24 < z < 0.80 in V-band E"ﬂ
HSTACS images from the GEMS survey. They iden- ¢
tify mergers as objects with asymmetries, shells, double "7 0.\52

nuclei, or tidal tails but exclude obvious close or inter-
acting pairs. They find that ~ 9% of the sample were
visually-disturbed with little evolution between z ~ 0.2
and z ~ 0.8. Between 1-4% of the sample are classified as
major mergers and 4-8% are classified as minor mergers.

Nake YA ¥ wat grupn ¥ wek
(og Yk, + & manbon, fine Tihe b
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Fic. 2.— Top: Number of galaxies per co-moving unit volume
Ngql V. redshift for the evolving luminosity selection calculated
from Ilbert et al. 2005 (VVDS V-band selected, red diamonds;
VVDS B-band selected blue diamonds) and Faber et al. 2007
(DEEP2 B-band selected, green asterisks); Bottom: Ngqi(z) for

galaxies selected with Mstar > 1010Mg from Bell et al. 2003
(2MASS, black squareé), Bundy et al. 2005 (GOODS, black filled
circles), Ilbert et al. 2009 (black diamonds), Pozzeti et al. 2007
(VV;DS, open circles), and Bundy et al 2006 (DEEP2, black aster-
isks).

They conclude that while most massive galaxies have un-
dergone a major or minor merger over the past 7 Gyr,
visually-disturbed galaxies account for only 30% of the
global star-formation at those epochs.

Bridge, Carlberg, & Sullivan (2010) also visually iden-
tify galaxy mergers at z < 1, but reach fairly different
conclusions. The Bridge et al. (2010) study is based
upon very deep ground-based images from the CFHT
Legacy Survey, therefore has worse spatial resolution
than HST-based studies but reaches comparable limit-
ing surface brightnesses over a much wider area. They
identify merging and interacting galaxies via extended
tidal tails and bridges for a sample of ~ 27,000 galaxies
with ¢ < 22 Vega mag. They find the merger fraction of
galaxies with 4 < 22 and stellar mass > 3 x 10° M in-
creases rapidly from ~ 4% at z ~ 0.4 to ~ 19% at z ~ 1,
with an evolution o (1 4 z)%-25%0.24,

We will not attempt to incorporate these results into
our study here. Visual classification of galaxy mergers is
qualitative by nature, and the exact merger identification
criteria applied for each study depends on the human
classifiers as well as the spatial resolution and depth of
the imaging data. Therefore observability timescales are
unique to each study and less straightforward to calculate
than quantitative and easily reproducible (but possibly

ot we Com part .
less sensitive) methods,,

3.5. The Importance of Sample Selection

Often the merger fraction fmerg is measured over a
range of redshiftf where the galaxy mass and luminosity
functions chang® significantly (e.g. Faber et al. 2007;
Iibert et al. 2009). If the galaxy merger rate is a func-
tion of stellar mass or luminosity (e.g. Lin et al. 2004;
Bundy et al. 2005; de Ravel et al. 2009; Bridge et al.
2010), then one must be careful about comparing studies
with different parent selection criteria. In an attempt to
sample similar galaxies over a wide redshift range, the
parent galaxy sample may be selected to be more mas-
sive than a fixed stellar mass (e.g. Bundy et al. 2009,
Conselice et al. 2009, de Ravel et al. 2009, Jogee et
al. 2009, Bridge et al. 2010) or by adopting an evolving
luminosity selection based on a passive luminosity evo-
lution (PLE) model in which galaxies of a fixed stellar
mass are fainter at lower redshift due to passive aging of
their stellar populations (e.g. Lotz et al. 2008, Lin et al.
2008, de Ravel et al. 2009, Shi et al. 2009).

We compare the number densities of galaxies selected
with 4, passive luminosity evolution assumptions (Fig. 2,
upper panel) and with a fixed or weakly evolving stellar
mass (Fig. 2, lower panel). The number densities for the
PLE cuts Mp < —18.94 — 1.3z and My < —19.8 — 1.0z
and the fixed stellar mass cut Mo, > 1019M are sim-
ilar at 2 < 1, suggesting that the evolving luminosity

selections of Lin et al. 2008, Lotz et al. 2008 Kartal-

tepe et al 2007, Shi et al. 2009, and theA stellar-mass
selection of Bundy et al. 2009, Conselice’et al. 2009,
de Ravel et al. 2009, and Lépez-Sanjuan et al. 2009
probe similar galaxy populations. However, the number
density of galaxies selected by de Ravel et al. (2009)
Mp < —18.77 — 1.1z cut is higher at higher z than the
other selections. When a fixed luminosity (‘no evolu-
tion’) cut is adopted, as in Kartaltepe et al. 2007 and
Rawat et al. 2008, the differences in the parent sample at
z ~ 1 are even more significant, which could explain the
difference in the derived evolution of the mergers. We
will return to this issue in §5.4.

It is also important to note that the standard selec-
tion of galaxy sample for galaxy merger studies (e.g.
above a fixed stellar mass) is not well matched to the
way that dark matter halos are selected from simula-

L

/—f’

- fixed

tions for dark matter halo merger studies (e.g. above a__ s> h“i

fixed halo mass). We know that typieatgalaxies are not
evolving purely passively, but form a significant number
of new stars at z < 1 (e.g. Lilly et al. 1996 ; Noeske
et al. 2007). Therefore the relationship between stellar
mass and host dark matter halo mass also evolves with
redshift (Zheng, Coil, & Zehavi 2007; Conroy & Wech-
sler 2009; Moster et al. 2010). Given that the co-moving
number density of galaxies with stellar masses > 101 M

or selected based on PLE assumption is a factor of—fo:rr—,\w

lower at z ~ 1,§ than z ~ 0, it is clga_r_y_}@j_rleimer of
these galaxy samples select theprogenitor and descen-
dant galaxies across the range of\gedshifts.

Galaxy samples selected with a constant number den-
sity may do a better job of matching descendant-
progenitor galaxies over a range of redshifts (van
Dokkum et al. 2010; Papovich et al. 2010), and match-
ing galaxies to constant mass halos (Zheng et al. 2007).
This is not a perfect selection criterion, as it assumes
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galaxy mergers do not destroy large, numbers of galaxies
and that stochasisticy in the luminosity/mass evolution
of galaxies does not strongly ‘¢ffect the sample selection.
In §5.4, we present galaxy merger rates for parent galaxy
samples selected with a roughly constant number density
at z < 1.5, and compare these to the rates derived for
the fixed stellar mass and PLE samples.

4. MERGER OBSERVABILITY TIMESCALES

Knowledge of the average merger observability
timescale (Tops) is crucial for calculating the galaxy
merger rate. This timescale will depend upon the method
used to select galaxy mergers, as close pairs pick out dif-
ferent merger stages from objects with disturbed mor-
phologies. For a given merger system, the individual ob-
servability timescale may also depend on the parameters
of the merger, such as the initial galaxy masses, mor-
phologie@,”g%as—fractions, the merger mass ratio, the orbit,
and the rdlative orientation of the merging galaxies. The
initial properties of the merging system are difficult to re-
liably recover from observations of a individual merging
system, particularly after the merger has progressed to
late stages. Moreover, the observed merger population is
a mixture of merger events with a broad distribution of
parameters which may be evolving with redshift. There-
fore the mean observability timescale (Thp,) given in Eqn.
3 should be treated as a cosmologically-averaged observ-
ability timescale weighted by the distribution of merger
parameters at each epoch.

Because the observations of a given galaxy merger
are essentially an instantaneous snapshot at a particu-
lar merger stage, we cannot know how long that merger
event will exhibit disturbed morphology or other obvious
merger indicators. And, depending on the merger stage
and viewing angle, it can be difficult to determine its ini-
tial conditions. Therefore, the best way to determine how
the morphology and projected separation of a merger
progresses and how this depends on the merger condi-
tions is by studying a large number of high-resolution nu-
merical simulations of individual mergers where the ini-
tial merger conditions are systematically explored. Also,
we do not yet have good observational constraints on the
distribution and evolution of galaxy merger parameters

- such as gas fraction or mass ratio. Thus we will use the-

T2

o/

oreticat predictions fromyglobal galaxy evolution models
of the distribution of galdxy properties and their evolu-
tion to constrain the distribution of merger parameters
with redshift.

In this section, we summarize the results of recent cal-
culations of the individual observability timescales from
a large suite of high-resolution disk-disk galaxy merger
simulations for the G — Mao, A, and close pair methods.
Then we examine the predicted distributions of two key
merger parameters — baryonic gas fraction and mass ratio
— and their evolution with redshift from three different
cosmological-scale galaxy evolution models (Somerville
et al. 2008; Croton et al. 2006; Stewart et al 2008).
Finally, we use these distributions to weight the individ-
ual observability timescales and derive the average ob-
servability timescales as a function of redshift (Tobs(2))
for each galaxy evolution model and approach to detect-
ing galaxy mergers. We compare the predictions of the
different galaxy evolution models and discuss the uncer-
tainties associated with (Tpps(2)). The derived (Tip,(2))
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are applied to the observed merger fractions described in
§3 to compute merger rates in §5.

4.1. Merger Timescales from Dusty Interacting Galazy
GADGET/SUNRISE Simulations

The individual merger observability timescales Tobs
were calculated for a large suite of high-resolution N-
body/hydrodynamical galaxy merger simulations in Lotz
et al. 2008b, 2010a, b (also known as DIGGSS, Dusty
Interacting Galaxy GADGET/SUNRISE Simulations;
see http://archive.stsci.edu/prepds,/diggss for simulation
images and morphology measurements). Each GAD-
GET simulation tracks the merger of two disk galaxies
within a box of ~ (200 kpc)® with a spatial resolution
~ 100 pc and a particle mass ~ 10°Mg, over a several
billion year period in ~ 50 Myr timesteps. Cold gas is
converted into stars assuming the Kennicutt-Schimdt re-
lation (Kennicutt 1998). The effects of feedback from
supernovae and stellar winds is included, but feedback
from active galactic nuclei (e.g. Di Matteo et al. 2008)
is not. The full suite of simulations span a range of ini-
tial galaxy masses and mass ratios, gas fractions, and
orientations and orbital parameters and are described in
detail in Cox et al. 2006, 2008.

The GADGET values for the ages, metallicities, and
3-D distribution of stars and gas for each simulation
and time-step were run through the Monte-Carlo ra-
diative transfer code SUNRISE to simulate realistic
ultraviolet-optical-infrared images, including the effects
of star-formation, dust, and viewing angle. The details
of the SUNRISE code and the predicted effects of dust
on the integrated spectral energy distributions are de-
scribed in Jonsson 2006, Jonsson et al. 2006 cite Jon-
sson Grove Cox 2010 too?. In Lotz et al. (2008b,
2010a, 2010b), the simulated broad-band SDSS g im-
ages were used to calculate the time during which each
individual galaxy merger simulation would be counted
as a merger candidate by the quantitative morphology
G — My and asymmetry methods, as well as by close
pairs criteria with several different projected separations
(5 < Rproj <20, 10 < Rproj < 30, 10 < Rpyo; < 50, and
10 < Rpro5 < 100 kpe A1),

We found that, for a given method, T, depended most
on the mass ratio of the merger (Lotz et al. 2010a) and on
the gas-fractions of initial galaxies (Lotz et al. 2010b).
We will refer to the baryonic mass ratio of the merger
M ateltite /Mpm-mary, where major mergers have baryonic
mass ratios between 1:1 and 1:4 and minor mergers have
baryonic mass ratios less than 1:4. We have chosen to
characterize the merger mass ratio by the initial bary-
onic mass ratio rather than total or stellar mass ratio
as a compromise between observational and theoretical
limitations. The total mass ratio of mergers is difficult
to estimate (or even define) observationally because this
requires a dynamical estimate of mass associated with
each interacting galaxy. On the other hand, the stellar
masses and stellar mass ratios predicted by cosmological
galaxy evolution models can be quite sensitive to un-
certain physics of star-formation and feedback (see, for
example, Hopkins et al. 2010 better ref?).

Likewise, we characterize the merger gas fraction as
the initial fraction of the baryons in gas. We define the
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initial baryonic gas fraction fgqs of the merger as

f — (A[gas,l + Mgas,Z) (7)
g0 (Mgas,l +- Mgas,Z UL ]\/[star,l + Mstar,2)

This is the average gas fraction of the system prior
to the merger, when the galaxies first encounter each
other. Because these simulations do not accrete addi-
tional gas and gas is converted into stars, the baryonic
gas fraction at the final merger is lower than the ini-
tial value. For this work, we use a sub-set of DIGGSS
which have parabolic orbits, tilted prograde-prograde ori-
entations and initial galaxy parameters tuned to match
SDSS %a,laxies, but span a range of galaxy mass (Mg, ~
1 x10” — 5 x 10'°M, ) and baryonic mass ratios (1:1 -
1:39): G3G3Pt, G3G2Pt, G3G1Pt, G3GOPt, G2G2Pt,
G2G1Pt, G2GOPt. These simulations have gas-fractions
tuned to local galaxies, with the initial baryonic gas frac-
tions fgas ~ 0.2. We also use the subset of DIGGSS
which have the same parabolic orbits, tilted prograde-
prograde orientations, and mass ratios but higher gas
fractions (fgas ~ 0.4, 0.5) : G3gf1G3gfl, G3gfl1G2,
G3gflG1, G3gf2G3gf2, G3gf2G2, G3gf2G1. See Lotz et
al. 2010a, b, Cox et al. 2008 for more details of these
simulations.

In Figures 3 and 4, we show how the individual observ-
ability timescales Tpps for G — Myg, A, and close pairs
with 10 < Rpro; < 30 kpe A~ depend on baryonic mass
ratio and fyqs. The error-bars on Ty, in Figures 3 and
4 are the standard deviation with viewing angle of T,
for each simulation. G — My and close pair observability
timescales are largely independent of gas fraction but are
sensitive to mass ratio, while asymmetry A is sensitive to
both gas fraction and mass ratio. G — Mag detects merg-
ers with baryonic mass ratios between 1:1 and at least
1:10, and does not show a strong correlation of T, with
baryonic mass ratio above 1:10. Mergers are not found
with the G — Myg criteria for the two simulations with
baryonic mass ratios less than 1:10 (G2GOPt, G3GOPt),
therefore we conclude that T, ~ 0 for mergers at these
mass ratios. The simulations imply that G — My detects
mergers at the stage when two bright nuclei are enclosed
in a common envelope, and that satellites with masses
% a tenth of the primary galaxies are bright enough to
detected (see Lotz et al. 2008a, Lotz et al 2010a for
discussion).

Dynamical friction and the effects of projection largely
drive the close pair timescales, hence their insensitivity to
fgas- The close pair timescales are correlated with mass
ratio such that minor mergers appear as close pairs for
a longer period of time than major mergers, as expected
from dynamical friction timescales.
ior of vability timescales is more
complicated because of its, dependence on both mass
ratio and gas fraction. The simulations suggest that
high asymmetries are the result of large-scale distur-
bances, including bright star-forming tidal tails and dust
lanes, thus asymmetry is higher for more gas-rich mergers
which are more likely to form strong tidal features (see
Lotz et al. 2010b). At gas-fractions expected for typical
local disk galaxies (fyqs ~ 0.2), A detects primarily ma-
jor mergers with baryonic mass ratios between 1:1 and
1:4, and has T,y ~ 0 for more minor mergers with bary-
onic mass ratio 1:10 (Figure 3, red points, center panel).
But for simulations with fyus > 0.4, A detects both 1:1-
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1:4 major mergers and 1:10 minor mergers (Figure 3,
center panel, green and blue points). The observability
timescale for A is strongly correlated with fy.s (Figure
4, center panel), with high gas fraction mergers showing
high asymmetries for significantly longer periods of time
than low gas fraction mergers. Therefore knowledge of
both the merger gas fraction and mass ratio distributions
is required to estimate (T,ps) for asymmetry.

For this work, we will ignore the effect of the orbital pa-
rameters and relative orientations of the merging galax-
ies on the observability timescales. In Lotz et al. 2008b
and 2010a, we found that different orbits and orienta-
tions had a weak effect on the observability timescales for
G — Mz and A. However, galaxies merging on circular
orbits or with large impact parameters were identified as
close pairs for 15-40% longer than parabolic orbits with
smaller impact parameters, depending on the projected
separation requirements. Large-scale numerical simula-
tions find that the majority of dark-matter halo mergers
are parabolic as opposed to circular (Khochfar & Burk-
ert 2006; Benson 2005; Wetzel 2010), with only modest
evolution in the typical orbital eccentricity out to z ~ 1.5
(Wetzel 2010). In the absense of strong evolution in the
orbital parameters of mergers, ignoring the distribution
of orbital parameters will have neglible effects on our
calculations here.

4.2. Predicted Distribution of Merger Properties

We calculate the cosmologically-averaged observability
timescale (Typ5(2)) for each method for finding mergers
from the individual T,p5 given in Figures 3 and 4 and as-
sumptions about the distribution of galaxy merger mass
ratios and fyqs as follows:

(Tops(2)) = Y wij(2) x Tz (3)
2
where w; ;(2) is the fraction of mergers at redshift z with
baryonic mass ratio ¢ and baryonic gas fraction j, and T ;
is the observability timescale for a merger with baryonic
mass ratio ¢ and baryonic gas fraction j.

We currently have very little empirical knowledge of
the distribution of baryonic mass ratios or gas fractions
for merging galaxies. Therefore we assume the rela-
tive distributions of mass ratios, gas fractions, and mass
as a function of redshift predicted by three different
cosmological-scale galaxy evolution models: Somerville
et al. 2008 [S08]; Croton et al. 2006 [C06]; and Stew-
art et al. 2008 [St08]. Note that we make use of only
the normalized distributions of merger properties from
these simulations, which are independent of their pre-
dicted galaxy merger rates.

Each of these models starts with a mass distribution
and merger history (merger tree) for the dark matter
central and sub-halos. S08 uses an analytically-derived

( dark matter merger tree (Somerville & Kolatt 1999),

#rg with a Sheth & Tormen 1999 dark matter halo
mass function; the C06 and St08 dark matter halos and
merger trees are derived from N-body simulations (the
Millennium Simulation from Springel et al. 2005 and an
Adaptive Refinement Tree N-body simulation from A.
Klypin, respectively). These dark matter halos are pop-
ulated with galaxies, either via a semi-analytic approach
that adopts prescriptions for galaxy formation (Co6, S08)
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or via a semi-empirical approach that matches the ex-
pected clustering and abundances of dark matter halos
to the observed galaxy population (St08). In the semi-
analytical models, gas cools onto the dark matter halos

g ; . I

-cooling-times—{erg—Keresetal2005 better-ref?) and

is converted into stars assuming the Kennicutt-Schmidt
law (Kennicutt et al. 1998). In C06, gas accretion in
cold mode is delayed by a dynamical time, which
generally results in lower f,,; for C06 galaxies.??
Both S08 and C06 prevent cooling onto satellite galax-
ies and assume that existing gas reservoirs are stripped
when satellite galaxies enter the dark matter halos of
more massive central galaxies. The semi-analytic models
also adopt similar prescriptions for feedback from super-
novae and both high-luminosity quasars and lower lu-
minosity active galactic nuclei. By contrast, the semi-
empirical model of St08 assigns the stellar and gas masses
of galaxies based on observationally-derived correlations,
following Conroy & Wechsler (2009).

For each galaxy evolution model, we select galaxy
mergers with total stellar masses (Msiar,1 + Mstar,2)
> 10'°M¢, baryonic mass ratios > 1:10, and 0 < z < 1.5.
We compare the distribution of baryonic mass ratios and
gas fractions for the three models in Figures 5 and 6.
In Figure 5, we find that the S08, St08, and C06 mod-
els predict very similar baryonic mass ratio distributions
summed over 0 < z < 1.5, despite the different deriva-
tions of the dark matter halo mass function, merger tree,
and baryonic masses.

However, the models make different predictions about
the merger gas properties (Figure 6). In all the models,
fgas increases significantly with redshift such that the
mean baryonic gas fraction of the mergers roughly dou-
bles from z = 0 to 2 = 1. The mean fgas values for all 1:1
- 1:10 mergers predicted by the SO08 and St08 models are
in good agreement. On the other hand, the mean fgas in
the C06 models is much lower at all redshifts. The St08
fgas(2) relation is an empirical fit to the local cold gas
fractions from McGaugh et al. (2005) and z ~ 2 cold
gas fractions from Erb et al. 2006. rachel are mod-
els tun h these observations? Both S08
and C06 predict that major mergers with baryonic mass
ratios less than 1:4 have lower mean gas fractions than
minor mergers. On the other hand, St08 predict that
major mergers have fg,s similar to the overall merger
population.

In Figure 6, we compare the predicted mean gas frac-
tions to recent measurements of the cold gas fraction for
massive disk galaxies at z ~ 14— 1.5 from Tacconi et al.
(2010) and Daddi et al. (2010). Although these pioneer-
ing studies have small and biased samples, they indicate
that the typical baryonic gas fractions of sive disk
galaxies are several times higher at z ~ 1§— 1.5 than
locally (e.g McGaugh et al. 2005), in reasonable agree-
ment with the Somerville et al. (2008) and Stewart et
al. (2008) models.

For each model, we compute the weight w; ;(z) for
three bins in baryonic mass ratio and four bins in Faas
for 6z = 0.2 redshift bins from z = 0 to 2z = 1.6, nor-
malized to all merging systems in each redshift bin with
(Mstar, + Mstar2) > 10'°M¢ and baryonic mass ratios
> 1:10 (Figure 7). The spacing of these bins is deter-

mined by the simulation parameter space for the SDSS-
motivated galaxy mergers: 1:1 - 1:2 (major), 1:2-1:6 (in-
termediate), and 1:6-1:10 (minor) baryonic mass ratio
bins; and 0.0-0.1, 0.1-0.3, 0.3-0.45, and 0.45-1.0 fgas bins.
The three baryonic mass ratio bins are plotted in sepa-
rate panels (major:left, intermediate:center, and minor:
right). The four fy,s bins are plotted with different color
lines in each mass ratio panel. The resulting weights are
shown for the three galaxy evolution models (S08: top,
C06: middle, St08: bottom).

For all three models, the baryonic mass ratio distribu-
tion changes little with redshift, and intermediate mass
ratio mergers (1:2 - 1:6; middle panels) are 50% of the
total (1:1 -1:10) merger population at all redshifts. The
predicted weights w; ;(z) vary most in the predicted dis-
tribution and evolution of merger gas fractions. All three
models predict that lower gas-fraction mergers dominate
the 2 = 0 merger population (red and yellow lines). How-
ever, S08 predicts strong evolution in the gas properties
of mergers, such that by z > 1, the merger population
is dominated by high gas fraction (fyes > 0.45) inter-
mediate and minor mergers (blue lines, middle and right
panels). Because C06 predicts low mean fgas at 2 < 1.5,
they predict that the lowest gas-fraction mergers con-
tinue to dominate at z > 1 (red lines). Like SO8, the
St08 model predicts higher mean foas at z > 1. But
the St08 has a different distribution of foas at a given
redshift. St08 has fewer very gas-rich mergers and more
very gas-poor mergers at z ~ 1, and predicts that most
mergers at 0 < z < 1.5 have intermediate fyqs( ~ 0.2)
in all mass ratio bins (yellow lines). As we will discuss
in the next section, the relative frequency of gas-rich in-
termediate and minor mergers at z > 1 has important
implications for the interpretation of asymmetric galax-
ies at this epoch.

4.3.  Average Merger Timescales (Tps(2))

We compute (Typs(2)) for G — Mpg, asymmetry, and
close pairs with 5 < R,.,; < 20, and 10 < Ry <
30 kpc Al using Eqn. 8, the T;,; computed from
the GADGET-SUNRISE simulations as a function of
baryonic mass ratio and gas fraction (Figures 1 and
2), and the relative weights w;,; computed from each
of the cosmological galaxy evolution models. These
cosmologically-weighted timescales (T,p5(2)) are plotted
as a function of redshift for the three different models for
each method for finding mergers (Figures 8 and 9).

The relative weights w; ; are adjusted for the mass ra-
tio sensitivity for each technique, so that the resulting
merger rates are not extrapolated to mass ratios below
what is detected. Therefore the weights for G — My and
A are normalized for all mergers with baryonic mass ra-
tios between 1:1 and 1:10, and assume no mergers with
mass ratios < 1:10 are detected by these methods (same
as Fig. 7). The weights for close pairs are normalized to
baryonic mass ratios between 1:1 and 1:4 or between 1:1
and 1:2, depending on the stellar mass and luminosity
ratios adopted by the studies presented here (Table 1).

The DIGGSS simulations do not include any fgas < 0.2
simulations. For G — Ms and close pairs, the individ-
ual observability timescales T;; are not a strong func-
tion of fgqs. We assume that fgas < 0.1 mergers have
the same observability timescales as fgas = 0.2 merg-
ers of the same mass ratio. However, the A timescales
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FIG. 3.— The observability timescales T, for individual prograde-

prograde disk-disk galaxy merger simulations v. baryonic mass ratio

(Mprimary/Msateitite) from Lotz et al. 2010a,b. The simulations were run with three different baryonic gas fractions fyqs = 0.2 (red
diamonds: G3G3Pt, G3G2Pt, G3G1Pt, G3GOPt, G2G2Pt, G2G1Pt, G2GOPt), 0.4 (green squares: G3gf1G3gfl, G3gf1G2, G3gflGl) , and

0.5 (blue asterisks: G3gf2G3gf2, G3gf2G2, G3gf2G1).

2.0 G=My o131 A > 035 10 < R,y < 30 kpc h™!
013
1.5} %1:9 T T

boe g :

0.0} , , I %

e -
I 1 i 1 i

00 02 04 0.6 0.0 0.2

Baryonic Gas Fraction, f

FI1G. 4.— The observability timescales Ty, for individual prograde-

04 06 00 0.2 0.4 0.6
gos

prograde disk-disk galaxy merger simulations v. baryonic gas fraction

fgas from Lotz et al. 2010a,b. Here, the points designate three different baryonic mass ratios Msatettite/Mprimary 1:1(red diamonds:
G3G3Pt, G3gflG3gfl, G3gf2G3gf2), 3:1 (green squares: G3G2Pt, G3gf1G2, G3gf2G2), and 9:1 (blue asterisks: G3G1, G3gfl1G1, G3gf2G1).

are a strong function of fye,. Therefore, we compute
upper and lower limits to (T,ps(2)) by assuming that
that fgas < 0.1 mergers have the same observability
timescales as fyas = 0.2 mergers (Figure 9; upper limit,
solid lines) and by assuming that fy.s < 0.1 mergers are
not detected by A (Figure 9: lower limit, dotted lines).
We note that Bell et al. (2006) found visual-classification
timescales for gas-poor spheroid-spheroid major merger
simulations of Tpps ~ 0.15 Gyr, intermediate between the
Tops = 0 and Tpps ~ 0.3 Gyr for fgas = 0 adopted here.
The cosmologically-averaged timescales for close pairs
do not evolve with redshift and doénot depend on the
adopted cosmological galaxy evolution model (Fig. 8).
This is not surprising given that the close pair timescales

do not depengg -fraction (which evolves strongly with
redshift). The fndividual close pair timescales do depend
on mass ratio, but the relative distribution of mass ratios
is not predicted to evolve with redshift. The timescales
for close pairs selected with baryonic mass ratios between
1:1 and 1:4 are ~ 0.33 Gyr for 5 < R,,,; < 20 kpe h™1,
and ~ 0.63 Gyr for 10 < Rproj < 30 kpc h™! (Table 1;
Figure 8).

We find that (T,p5(2)) for G — My is also very similar
for all three model weights, and does not evolve with
redshift. This is not surprising as G — Mag Th,s does not
correlate with fgqs nor baryonic mass ratio between 1:1
and 1:10. Therefore, the G— M2 observability timescales
are not sensitive to the underlying assumptions about the
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Fic. 5.— The normalized distribution of baryonic mass ratios
for galaxy mergers selected from the Somerville et al. 2008 (black
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~I semaiamedytie models. The mergers were selected to be at 0 < z <
1.5, with total stellar masses (Mstar,1 + Mstar,2) > 1010 M), and
baryonic mass ratios > 1:10. There is good agreement between all
three models. (Baryonic mass ratios/{ess than unity arise when the
more massive galaxy has fewer baryons but more dark matter than
its companion). less
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F1a. 6.— The predicted mean baryonic gas fraction (fgas) v.
redshift for 1:1 - 1:10 baryonic mass ratio mergers (solid) and ma-
jor 1:1-1:4 baryonic mass ratio mergers (dashed line). All models
predict strong evolution in (fgas) with redshift, but the Somerville
et al. 2008 (black lines) and Stewart et al. 2008 (red lines) mergers
have higher (fgas) than the Croton et al. 2006 models (blue lines).
For comparison, we have plotted the observed fgas at 2 > 1 for
the Tacconi et al. 2010 (squares) and Daddi et al 2010 (asterisks)
samples, and the median fgos at 2 ~ 0 for the McGaugh 2005
sample of local disk galaxies (diamond).

distribution of merger gas fractions or mass ratios. For
mergers with stellar masses > 1019Mg at 0 < z < 1.5,
(Tops(2)) is ~ 0.21 Gyr for G — My (Table 2; Figure 9
upper panel). ;

The cosmologically-averaged timescales for asymmetry
are the most sensitive to the assumptions about the joint
distribution of merger gas fractions and mass ratios (Fig-

ure 9). The uncertainty in the asymmetry timescales of
fgas < 0.1 gas-poor mergers changes (Tops(A)) by less
than 0.1 Gyr (dotted lines), and therefore is not a major
contributor the uncertainty in (Tops(A4, 2)). However, the
{Tops(A4, 2)) calculated with fgg the S08 weights (black
lines) are significantly higher than those calculated with
the C06 (blue lines) and St08 (red lines) weights. This
arises from the strong dependence of A timescales on
the fgas and the different predictions for the distribution
of fgas(2) for the different models. The strong evolu-
tion of the mean fyqs and higher frequency of very gas-
rich minor mergers predicted by SO8 result in the strong
evolution of (Tpps(A, 2)) with redshift. The low mean
fgas and its weak evolution predicted by CO06 results
in short (Tups(A, z)) that evolves weakly with redshift.
The St08 models predict similar evolution in the mean
fgas to S08, but has fewer high gas-fraction intermedi-
ate/minor mergers, and therefore predicts lower values
for (Tops(A, 2)).

In summary, the average observability timescales for
G — Mog and close pairs are not expected to evolve with
redshift between 0 < z < 1.5, and are relatively insensi-
tive to the distribution of merger properties. The average
observability timescales for A, on the other hand, are ex-
pected to increase between 0 < z < 1.5 as the mean gas
fraction of merger increases, and are highly sensitive to 5
both the distribufion of merger gas-fractions and mass A
ratios. If the typical gas fractions of galaxy mergers at
z > 1 are as high as 0.4, as suggested by recent molecular
gas observations, then typical timescalé for identifying a A
merger as asymmetric should more than double. If very
gas-rich minor mergers are also more likely at z > 1,
than the contribution of minor mergers to the asymmet-
ric galaxy population will also increase with redshift.

5. GALAXY MERGER RATES

In the previous section, we calculated cosmologically-
averaged merger observability timescales that account
for differences in merger identification techniques and
the distribution of merger mass ratio and gas frac-
tion. In this section, we use these improved estimates
of (Tops(2)) to re-analyse recent studies of the evolu- €3
tion of the galaxy mergers (reviewed in§3). In Ta- §
bles 1, 2, and 3, we give (Tpps(2)) c;lggaled specifi-
cally for each merger study/technique, the resulting
fractional merger rates, Rmerg(2), and the merger rates Q:;S .3)

er co-moving volume, I'perg(2). For close pairs(a-,rﬁ_J
G — Mygl we adopt the SO8 timescales, given that there
is little ¢ariation in timescales with cosmological¢gmerger — hadded
distributions. For asymmetry, different gas fraction as-
sumptions result in very different (T,ps(2)). There are
also very different literature values for the asymmetry
fractions, hence we treat each set of observations/model
timescales separately.

We calculate both I'jyerg(2) and Rperg(z) for close
pairs, G — Myg, and A selected mergers. We focus pri-
marily on the galaxy merger rates for samples selected
with an evolving luminosity cut (PLE) or fixed stellar
mass cut (M) in §5.1-5.3. In §5.4 we discuss the im-
plications of selecting parent galaxy samples with a con-
stant number density, and compare the galaxy merger
rate_to predicted dark matter halo 4 SAMg merger
rate in 85.5. In general, we fit the galaxy merger rates )
withkg power—lawzof the form Rperg(2) o (14 2)™ and
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in each panel show the fraction of mergers of all gas fractions for that pan

Fmerg o (14 2)%.
5.1. The Major Merger Rate: Close Pairs

The close pair studies included in this paper select
galaxies with luminosity or stellar mass ratios less than
1:2 or 1:4. Although luminosity brightening of an inter-
acting satellite galaxy may cause the measured luminos-
ity ratio to be less than the stellar or baryonic mass ratio
(e.g. Bundy et al. 2004), we assume that this sample pri-
marily probes major mergers with baryonic mass ratios
roughly comparable to their luminosity or stellar mass
ratios.

When samples with similar parent selection criteria
are compared, we find that the merger rates derived
from various close pair studies are remarkably consistent
(Figure 10). However, the evolution of the merger rate
depends on whether one calculates the merger rate per
galaxy (R) or the merger rate per unit volume (I"). The

< 0.45, green lines; fgas > 0.45, blue lines.) The black lines
ass ratio bin. /7 l o

best-fit evolution in I'pairg(2) is weaker than Rpeirs(2)
because the evolution in nje(2) is opposite to the trend
in Rpairs(2) (see Figures}2). The major merger rate
(Tpairs or Rpairs) and its evolution with redshift are sim-
ilar for the stellar-mass and evolving luminosity selected
at luminosi

x|

y-brightening does no A + u]‘»
significantly bias the luminosity-selected merger samples. ’?

and side of Figure 10, we plot I' and ® for
1:1 - 1:4 pairs with Mo, > IOIOM@ from the Bundy et
al. (2009) study (blue circles) and de Ravel et al. (2009)
study (black circles). Despite being drawn from different

fields with different close pair criteria, these agree well

once the ‘observability timescales are applied. The best
fit volurhe-averaged merger rate gives ['pgirs, Mistar(2) =
(0.5 + 1.4)(1 + 2)~09%32[10=3 Mpc=3 Gyr~1hd,] (blue
line, top left panel). The best fit fractional merger rate
is Rpairs, Myear (2) = (0.03 £ 0.02)(1 + 2)*1-743:0 [Gyr~1]
(blue line, bottom left panel).

LoV &pom -
My

%Zjew. Vo ~Abd & e TN fmwd fo —a e 7 ,
» \'v‘(lm\‘aﬁr wndachhy b il L 2oF W"“M %7@72.%(@
1§ Fan  feas Ao et \




14

fpair

TABLE 1
CLOSE PAIR FRACTIONS AND MERGER RATES
Ngal (Tobs)sos  (Tobs)cos  (Tobs)stos
(1073 Mpc—3]  [Gy1] (Gyr] [Gyr]

§Rmerg,SOBa
[Gyr™!]

I-‘n—herg,S()Ba
[1073 Gyr—! Mpc—3]

Luminosity-selected Pairs

Patton & Atfield 2008; 5 < Rpro; < 20 km A= 1 < Lprimary/Lsat < 2; AV < 500 km s—

T

22 < M, < —18

0.05 0.021 + 0.001 - 9.55 + 0.07 0.36 0.37 0.37 0.0175 + 0.0008 0.17 & 0.01
Lin et al. 2008; 10 < Rpro; < 30 km h™% 1 < Lprimary/Lsateltite < 4; AV < 500 km s~1; —21 < Mp + 1.3z < —19
0.12 0.054 & 0.005 0.072 £ 0.007  6.14 & 0.52 0.64 0.63 0.63 0.068 + 0.007 0.41 + 0.05
0.34 0.041 £ 0.011 0.063 + 0.017  4.72 & 2.30 0.63 0.63 0.63 0.060 =+ 0.016 0.28 £ 0.16
0.58 0.063 & 0.014 0.083 + 0.018  5.00 + 0.16 0.63 0.63 0.63 0.079 + 0.017 0.40 £ 0.09
0.62 0.047 & 0.011 0.063 + 0.015  4.64 = 0.21 0.63 0.63 0.63 0.060 & 0.014 0.28 £ 0.07
0.87 0.044 & 0.009 0.068 + 0.014  3.37 = 0.10 0.62 0.63 0.61 0.066 + 0.014 0.22 =+ 0.05
0.87 0.060 & 0.014 0.093 + 0.022  4.98 &+ 0.15 0.62 0.63 0.61 0.090 =+ 0.021 0.45 & 0.11
0.88 0.048 & 0.010 0.074 + 0.015  4.24 + 0.13 0.62 0.63 0.61 0.072 £ 0.015 0.30 =+ 0.06
0.88 0.041 £ 0.008 0.064 +0.012  2.55 &+ 0.08 0.62 0.63 0.61 0.062 £ 0.012 0.16 =+ 0.03
1.06 0.159 + 0.050 0.249 + 0.078  2.53 & 0.24 0.63 0.63 0.61 0.237 + 0.074 0.60 + 0.20
1.08 0.083 £0.023 0.132 +0.037 2.71 & 0.26 0.63 0.63 0.61 0.126 =+ 0.035 0.34 & 0.10
1.08 0.088 +0.009 0.140 &+ 0.014  3.14 & 0.30 0.63 0.63 0.61 0.133 + 0.013 0.42 + 0.06
1.09 0.061 & 0.015 0.098 + 0.024  3.30 £ 0.32 0.63 0.63 0.61 0.093 + 0.023 0.31 =+ 0.08
de Ravel et al. 2009; Rpr0; < 100 km h™1; 1 < Lyprimary/Lsatettite < 4; §V < 500 km s™1; Mg < —18.77 — 1.112
0.54 0.22 £ 0.06 5:27F002 1.61 1.52 1.54 0.082 + 0.021 0.43 + 0.13
0.72 0.41 + 0.07 6137013 1.60 1.50 1.56 0.153 + 0.027 0.94 + 0.20
0.90 0.46 + 0.07 537120 1.62 1.48 1.58 0.169 + 0.027 0.91 + 0.23
Kartaltepe et al. 2007; 5 < Rpro; < 20 km h~1; 2 < 0.05; My < —19.8 — 1.0z
0.25 0.032 & 0.004  4.42F08 0.34 0.34 0.35 0.056 + 0.007 0.2570:08
0.35 0.055 & 0.003  4.4270-52 0.35 0.35 0.34 0.094 =+ 0.005 0.42 £ 0.08
0.45 0.039 & 0.003  3.537078 0.34 0.35 0.34 0.069 + 0.005 0.2473-98
0.55 0.044 +0.003 3537078 0.34 0.35 0.34 0.078 =+ 0.005 0.2740.06
0.65 0.043 & 0.002  3.6870-% 0.33 0.35 0.33 0.078 =+ 0.004 0.2940.05
0.75 0.049 £ 0.002  3.68+0-% 0.33 0.35 0.33 0.089 + 0.004 0.33+0.9¢
0.85 0.047 +£0.003  3.2070:%2 0.32 0.35 0.33 0.088 + 0.006 0.287003
0.95 0.069 &+ 0.003  3.2015:%4 0.32 0.35 0.32 0.129 + 0.006 0.41%0-12
1.05 0.071 4+ 0.003  2.65718 0.32 0.35 0.32 0.133 + 0.006 0.351022
1.15 0.105 £ 0.004  2.6511-5 0.31 0.35 0.31 0.203 £ 0.008 0.5470-34
Kartaltepe et al. 2007; 5 < Rpro; < 20 km h~1; 6z < 0.05; My, < —19.8
0.15 0.021 £ 0.007  5.33670-241 0.34 0.34 0.35 0.04 % 0.01 0.2015-97
0.25 0.018 & 0.004  5.543+104 0.34 0.34 0.35 0.03 £ 0.01 0.18¥0-0%
0.35 0.040 & 0.004  5.5437-54 0.35 0.35 0.34 0.07 £+ 0.01 0.381¢-5¢
0.45 0.030 & 0.003  5.040+1-111 0.34 0.35 0.34 0.05 + 0.01 0.27+5-0¢
0.55 0.034 & 0.003  5.0401}-31! 0.34 0.35 0.34 0.06 + 0.01 0.30+0-5¢
0.65 0.033 +£0.002  6.321+1-93% 0.33 0.35 0.33 0.06 + 0.00 0.3875-0¢
0.75 0.044 +0.002  6.3217293 0.33 0.35 0.33 0.08 = 0.00 0.51+0-0%
0.85 0.045 + 0.003  6.57571-726 0.32 0.35 0.33 0.08 £ 0.01 0.5570-1°
0.95 0.066 + 0.003  6.5751 1726 0.32 0.35 0.32 0.12 £ 0.01 0.8179:32
1.05 0.066 + 0.003  7.39072-513 0.32 0.35 0.32 0.12 + 0.01 0.91+8-3¢
1.15 0.102 & 0.004  7.3901%-613 0.31 0.35 0.31 0.20 £ 0.01 146005
Stellar-mass selected pairs
de Ravel et al. 2009; Rpro; < 100 km ™15 1 < Mprimary/Msateitite < 4; 6V < 500 km s~ 1; log[Mstar] > 10 — 0.1872
0.52 0.14 % 0.06 4,11 0:61 1.61 1.52 1.54 0.052 + 0.023 0.21 + 0.10
0.70 0.26 £ 0.06 3.8310-26 1.60 1.50 1.56 0.098 + 0.022 0.37 £ 0.10
0.90 0.25 + 0.06 3.6210:2° 1.62 1.48 1.58 0.093 + 0.023 0.34 £ 0.10
Bundy et al. 2009; 5 < Rpro;j < 20 km A~ 1 < Mprimary/Msatettite < 4; 62 < 0.08(1 + 2); Mszar > 100 Mg
0.55 0.03£0.02  4.224+ 0.70 0.33 0.35 0.34 0.055 =+ 0.036 0.23 £ 0.16
0.80 0.05+0.03  4.71+ 0.60 0.33 0.35 0.33 0.091 + 0.055 0.43 + 0.26
1.15 0.06 £ 0.02 1.56+ 0.15 0.31 0.35 0.31 0.116 + 0.039 0.18 =+ 0.06

2 Rmerg and Tierg are calculated using Equations 3 and 6, and (Tobs(2))s0s.
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F1G. 8.— The average observability timescale (T,ps) for several close pair selection criteria: 5 < Rpro; < 20 kpc h~! and 1:1 - 1:2
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TABLE 2
G — M2p MERGER FRACTIONS AND MERGER RATES

z fmerg Ngal (Tobs)SOS <Tobs)006 (Tops) stos %merg& Fmeriqa
[1073 Mpc—3] [Gyr] [Gyr] [Gyr] Gyr~1 [1073 Gyr~! Mpc—9]
Lotz et al. 2008; Mp < —18.94 — 1.3z
0.3 0.09£003 4327330 0.20 0.22 0.22 0.45 £ 0.15 1.94 + 0.66
05 0.13+004 4447012 0.20 0.21 0.22 0.65 + 0.20 2.89 £ 0.89
0.7 0.07£001  4.00732 0.20 0.21 0.22 0.35 £ 0.05 1.40 £ 0.21
0.9 0.07+£001  3.567019 0.20 0.21 0.23 0.35 £ 0.05 1.25 £ 0.18
+0.22 +0.30
11 0.13+002 2497522 0.19 0.21 0.23 0.68 £ 0.11 1.7019-39
Lotz et al. 2008; Mstar > 1010 Mg
0.3 0.07£003 5.25+0.24 0.20 0.21 0.22 0.37 £ 0.15 1.84 £ 0.79
0.5 0.13+0.03 3.04+0.12 0.20 0.21 0.22 0.64 £ 0.15 1.98 £ 0.46
0.7 0.06+0.02 3.16 + 0.11 0.20 0.21 0.22 0.29 =+ 0.10 0.95 + 0.32
0.9 0.08+0.02 3.63 + 0.09 0.20 0.21 0.23 0.39 £ 0.10 1.45 £ 0.36
L1 0.2 40.02  2.33 +0.07 0.19 0.21 0.23 0.62 & 0.11 1.47 £ 0.25
Ngal ~ 6 X 1073 Mpc—3
0.3 0.10+0.02 477333 0.20 0.21 0.22 0.52 + 0.10 2.481030
0.5 0134002  6.0150% 0.20 0.21 0.22 0.66 + 0.08 3ig70:0
0.7 0.08+001  6.40"03% 0.20 0.21 0.22 0.41 £ 0.04 2.597"0-22
0.9 0.09 +£0.01  7.3470-20 0.20 0.21 0.23 0.47 £ 0.04 3415022
11 012£001 6251022 0.19 0.21 0.23 0.61 & 0.05 3.78%0:55

® Rimerg and Fyerg are calculated using Equations 3 and 6, and (T,ps(2)) s08-
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TABLE 3
ASYMMETRY MERGER FRACTIONS AND MERGER RATES
z fmerg Ngal (Tobs)SOSa (Tob3>COGa (Tobs>StOBa §Rmer_q,SOSb Fmerg,SOSb

(1073 Mpc—3] [Gyr] [Gyr] [Gyr] (Gyr™!] (1072 Gyr~! Mpc~3]
Conselice et al. 2009; Mgtar > 1010 Mg,
025 0.04£0.01 525+024  039/046 0.17/0.27  0.24/0.30  0.10 + 0.03 /0.09 + 0.02 0.54 % 0.14/ 0.46 + 0.12
035 0.04£001 525+024  041/047 0.17/027  0.28/0.33  0.10 + 0.02 /0.09 + 0.02 0.51 + 0.13 /0.45 + 0.11
045  0.04 £0.01  304+012  045/0.50 0.18/0.28  0.28/0.33  0.09 + 0.02/ 0.08 + 0.02 0.27 % 0.07/ 0.24 + 0.06
055 0.04+001 304£012  047/0.52 0.18/0.28  0.31/0.35  0.09 + 0.02/ 0.08 & 0.02 0.26 + 0.07 /0.23 + 0.06
065  0.09£001 316+011  0.53/0.57 0.19/0.28  0.34/0.38  0.17 £ 0.02/ 0.16 £ 0.02 0.54 + 0.06 /0.50 + 0.06
075 012£001 316+0.11  0.53/0.56 0.20/0.29  0.34/0.38  0.23 £ 0.02/ 0.21 £ 0.02 0.72 + 0.06 /0.68 + 0.06
0.85 0.11£001  363+009  062/0.64 021/0.30  0.35/0.38 0.18 £ 0.02 /0.17 £ 0.02 0.64 + 0.06 /0.62 + 0.06
0.95  0.10£001  363+009  063/0.64 021/0.30 0.38/0.41 0.16 + 0.02/ 0.16 £ 0.02 0.58 + 0.06 /0.57 + 0.06
105 011£001  233+007  0.68/0.69 0.22/0.31  0.38/0.41 0.16 % 0.01 /0.16 + 0.01 0.38 + 0.04/ 0.37 + 0.04
115 0134+001 2334007 0.70/0.71 _ 0.23/0.31 _ 0.44/0.47  0.19 + 0.01/ 0.18 & 0.01 0.43 % 0.04/ 0.43 + 0.04
Lépez-Sanjuan et al. 2009; Msiqr > 1010 Mg
0.4~ 0.006£0.02  4.22£070  0.43/0.49  0.17/027  0.27/0.33 0.01%0.05 /0.0l £0.04  0.157%:42/0.0970:31
0.725 0.022£0.01 471+ 060  054/058  0.19/0.29  0.34/0.38  0.04 4+ 0.02/ 0.04 £0.02  0.54+020/ 0361017
0975 0037+ 001 156+ 015  0.65/0.67 0.21/0.30  0.37/0.40  0.06 & 0.02/ 0.06 +0.01 0271008/ 191005
Shi et al. 2009; Mg < —18.94 — 1.3z
03  021£004 4327330 0.40/0.47  0.17/0.26  0.26/0.32  0.52 £ 0.10/ 0.45 £ 0.09  2.27+0-4¢ /1.93+0-39
05  024£003 444701 0.46/0.51  0.18/0.27  0.29/0.34  0.52 £ 0.07/ 0.47 £0.06  2.32¥0:30 /2, 09+0-27
07  025+002 400702 0.53/0.56  0.19/0.29  0.34/0.38  0.47 +0.04/ 0.45 £ 0.04  1.89%518 /1 79+0.17
09  036+£003  3.5670-19 0.62/0.64  0.21/0.30  0.36/0.40  0.58 £ 0.05/ 0.56 £ 0.05  2.07+5:15 /2001012
11 0304003  249+022 0.69/0.70  0.23/0.32  0.41/0.44 043 +0.04/043 +£0.04  1.08%31% /1074014

2 (Tobs) calculated assuming both Tops (A) = 0 for fyas < 0.1, and Top, (A) at fgas < 0.1 is the same as Ty, (A) at fgas ~ 0.2.
Rmerg and Tnerg are calculated using Equations 3 and 6, and (Tops(2)) s08-

On the right hand side of Figure 10, we plot I' and
R for close pairs selected with evolving luminosity cuts
from Lin et al. 2008 (cyan circles), de Ravel et al.
2009 (black circles), and Kartaltepe et al. 2007 (blue
circles), and the 2z ~ 0.1 value from the Patton &
Atfield 2008 study (red circle). Most of these stud-
ies give very consistent galaxy merger rates once cor-
rected for the observability timescales, although the de
Ravel et al (2009) luminosity-selected bright pairs have
a merger rate ~ 3 times higher than the other stud-
ies at 2 ~ 0.7 — 1., However, the number density

(_———ofpalaxies with the LE) assumptions adopted by de

Ravel et al. (2009) s also ~ 2 — 3 times higher than
the selection adopted by the other studies. As we dis-
cuss in §5.4, the de Ravel et al. (2009) luminosity-
selected pairs are in good agreement with other studies
selected at similar number densities. Excluding the de
Ravel et al. (2009) pairs, the best fit volume-averaged
merger rate for the luminosity-selected close pairs gives
Tpairs,pLE(2) = (0.30 & 0.04)(1 + 2)%1%0-4[10~3 Mpc—3
Gyr~1h3,] (blue line, top right panel). The best-fit frac-
tional merger rate for the same sample is Rpairs,PLE(2) =
(0.03+0.01)(1+42)%1%0-2 [Gyr~1] (blue line, bottom right
panel).

9.2. G — Mz and the Minor Merger Rate

We also calculate I' and R from the G — Myg merger
fractions for the stellar-mass and evolving luminosity se-
lected parent samples (Table 2; green points in Figure
10). Both T'g_nz,, and Rg—pr,, are significantly higher
than the merger rates calculated for close pairs. The
best-fit f%volution with redshift in the G — Myy merger
rates aheAsystematicaHy weaker than that for the close

pairs, but have slopes that are consistent within the large
uncertainties. As we discussed in §4, G — My is sensi-
tive to mergers with baryonic mass ratios between 1:1
and 1:10, while the close pair studies plotted in Figure
10 have mass ratios 1:1 - 1:4. Therefore the G — My
merger rate includes minor as well as major mergers,
and is expected to be significantly higher that the major
merger rate.

The G — Myy derived volume-averaged and frac-
tional merger rates for a stellar mass selected sam-
ple are I'g_ny0, M0, = (2.2 £ 2.7)(1 + 2)~0-6%1.6[10-3
Mpc™3 Gyr~'h3y] (green dashed line, top left panel)
and RG_rzo, My, = (0.4 £ 0.4)(1 + 2)0-5516[Gypr—1)
(green dashed line, bottom left panel). For the
luminosity-selected sample, I'g_ M, PLE = (2.3 £
2.5)(1 + 2)70715[103 Mpc—3 Gyr~1h3](green dashed
line, top right panel), and Rg—psy0, P = (0.34£0.2)(1+
z)08£14 [Gyr—1] (green dashed line, bottom right panel).
The G — M2y merger rates evolve weakly with redshift,
and are consistent with the pair merger rate evolution
within the large uncertainties.

The G — Mpy merger rates are much higher than
the corresponding close pair merger rates at z ~ 0.7,
where the merger rates are best determined. We can
estimate the minor merger rate for galaxies with mass
ratio between 1:4 and 1:10 by subtracting the best-
fit close-pair derived major merger rate from the total
G — My merger rate. For stellar mass selected samples,
we find that the minor merger rate is Dminor, Marar =
(0.8 £ 5.1)(1 + 2)~%2£28[10~3 Mpc—3 Gyr~!h3,], and
Reminor,Mya, = (0.27 £ 0.08)(1 + 2)~0-0520-66 [Gyp=1],
For PLE selected samples, the minor merger rate is
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FIG. 9.— The average observability timescale (T,p) for G — Mao-
selected mergers (top) and asymmetric mergers (bottom) with
baryonic mass ratios between 1:1 and 1:10. G — Mpyo timescales
are independent of the assumptions about the distribution of fgas.
Asymmetry timescales evolve most strongly for the S08 model
fgas distribution (black lines), which assumes many gas-rich mi-
nor mergers at z > 1. Asymmetry timescales evolve weakly for the
C06 model fgqs distribution (blue lines), which assumes low fgqs
mergers at 0 < z < 1.5. The A timescales predicted by the St08
models also evolve strongly with redshift, but are shorter than S08
because St08 has fewer very gas-rich mergers. The dashed lines
assume that fgas < 0.1 mergers are not detected by A (see text).

Crminor,pLe = (1.0 £ 0.1)(1 + 2)~%3+10[10~3 Mpc~3
Gyr—th3,] and Reminor, pLE = (0.2840.08)(1 + 2)~0-1£0:6
[Gyr~1].

We find that the fractional and volume-averaged minor
merger rate at z ~ 0.7 ~ 3 times that of the major
merger rate for galaxies sefécted by stellar mass or PLE.
This ratio does not evolve significantly with redshift be-
tween 0.2 < z < 1.2. Our findings are roughly consistent

wii , the relative numbers of minor/major mergers from the

visual classification study of Jogee et al. (2009), who find
~ 3 minor mergers for every major merger for galaxies
selected at 0.24 < z < 0.8 and Myyar > 2.5 x 1019M,.
However, the absolute value of the major+minor merger
rate per co-moving volume (T') calculated in Jogee et al.
(2009) is a factor of ten siwnes> lower than what we find
here, in part because of the higher mass limit of their
sample.

5.3. Asymmetry Merger Rates
Both observational and theoretical uncertainties make
it difficult to @@Hcméfg;er rate)with
asymmetric galaxies. The asymmetric fraction measured
by three different groups for the same data vary by a
factor of ten, reflecting different corrections for surface-
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brightness dimming and contamination by non-mergers.
Furthermore, the timescales needed to compute merger
rates also vary by factors of 2-3, depending on the as-
sumed distribution and evolution of gas fractions. The
high-resolution merger simulations predict that asymme-
try is sensitive to mergers with mass ratios less than 1:4
for local gas fractions, and 1:10 for high gas fractions.
Therefore, in order to be consistent with the results from
close pairs and G — My mergers, the merger rate from
asymmetry should lie between the close pair derived ma-
jor merger rate and the G — Msp major + minor merger
rate.

We calculate I' 4 () and R4 (z) (Table 3, Figure 11), us-
ing the asymmetric galaxy fraction measurements from
Conselice et al. 2009 (left panel), Lépez-Sanjuan et al.
2009 (center panel), and Shi et al. 2009 (left panel) and
(Tobs(A, 2)) predicted by the S08 (black points), C
(blue points), and St08 (red points) models fror
9. The uncertainty in (Tpps(A)) results in a factor o
2-3 uncertainty in I and R for a given set of asymme-
try measurements. For a given (Tp55(A)), the calculated
TI'sand R4 @m%;by a factor of ten for the different asym-
metry studies. The volume-averaged asymmetry-derived
merger rates 'y have weak evolution with redshift, with
best-fit o values ranging from —1 to +0.4. The frac-
tional asymmetry-derived merger rates R4 evolve more
strongly with redshift, with best-fit m values ranging
from +0.1 to +1.6. (We exclude the fits to the Lépez-
Sanjuan et al. points because of their large uncertain-
ties.)

We compare the asymmetry-derived merger rates to
the close pair major merger (blue solid lines) and G'— My
major+minor merger rates (green dashed lines) com-
puted for parent samples with similar selections. If the
distribution of merger properties predicted by the S08
models is correct, then asymmetry should select many
gas-rich minor mergers and be expected to give I'4(z)
and R4(z) similar to those calculated with G — My
(green dashed lines). We find this to be the case for
the Shi et al. observations (black diamonds, right pan-
els), while the Conselice et al. observations and Lépez-
Sanjuan et al. observations+ S08 timescales give
merger rates significantly lower than the G — My merger
rate (black diamonds, left and center panels). On the
other hand, if most mergers have low gas fractions at
z ~ 1 (C086), then T4(z) and Ra(z) are expected to
probe 1:1 - 1:4 mass ratio mergers and be consistent with
the close pair major merger rate (blue solid lines). The
Lépez Sanjuan et al. observations + CO06 timescales are
roughly consistent with the close-pair major merger rates
(blue diamonds, center panels). Finally, if the intermedi-
ate gas-evolution scenario of St08 is correct, then asym-
metric galaxies are likely to weighted towards galaxies
with intermediate mass ratios between 1:4 and 1:10, as
suggested by the Conselice et al. observations + St08
timescales (red diamonds, left panels). Until better ob-
servational constraints on the distribution and evolution
in fgqs are available, we cannot determine if (or which)
asymmetry merger rate calculations are in agreement
with other methods for measuring the galaxy merger
rate.

5.4. Merger Rates for galazies at constant ngq(z)

ig ) 1

Suve.




Qe
S’V&_’

een
N

@XWJ&MJ A WW@/ (Lore parve froha. \ncreases

WN“QW“U"S Ambey 3@ @exte)  pea waf  comgvN
for-spoiz dse pair radey (Llue Wak) e gaen ¢S,

18

T T
Stellar mass—selected

iy

1.0

| % G—My, Lotz08 4|

® pairs deRavel09

¢ pairs Bundy09
1

Trerg [107° Mpc™ Gyr™' hy’°)

0.0 0.5 1.0 1.5
z
Stellar mass—selected
1.00f 7
%
>
(&
£0.10F 1
E
&8
% G—My, Lotz08
® pairs deRavel09
0.01 ' pairs BundyOQl .
0.0 0.5 1.0 1.5
z

F1G. 10.— Top: I'merg, the merger rate per co-moving unit volume, for close pairs (circles)
selected (left) and rest-frame luminosity selected samples. Bottom: Rmerg, the fractional merger rate,
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As we discussed in §3.5, the derived evolution in the
galaxy merger rate depends in large part on what galax-
ies are included in the sample. It is clear from Figure 2
that selecting galaxy s ed stellar mass
or with a PLE assumption does not tracl?progenitor -
descendant populations. A better (althoﬁgh still not
perfect) way to track the same population of galaxies
(and dark matter halos) with redshift is to select galaxies
above a fixed number density. No galaxy merger studies
published to date ha é’cd:z\signed to use a constant num-
ber density selection. AHowever, we find that the fixed
rest-frame V' luminosity cut employed by Kartaltepe et
al. 2007 close pair study results in a roughly constant
number density selection (Figure 12, left). Kartaltepe
et al. (2007) selected their parent sample above a fixed
absolute luminosity for 0.1 < z < 1.2, arguing that that
galaxy pairs and mergers would not follow a simple pas-
sive luminosity evolution because of merger-induced star-

(fsun L), Slopes 9 Mo

e ¥b (\/\V\J fu\f'
formation. The ewel&téet;luminosity cut adopted by de
Ravel et al. (Mp < —18.77+ 1.12) also selects a roughly
constant and similar number density of galaxies (black
points). In order to compare the G — My results to
these studies, we adopt a fixed rest-frame B luminosity
cut of Mp(AB) < —19.2 which selects galaxies at a simi-
lar number density at each redshift bin (Figure 12, left).
We compute the G — My fraction and merger rates for
galaxies selected at Mp(AB) < —19.2 (Table 2, Figure
12).

When a roughly constant co-moving number density
(ngat ~ 6 x 10~3Mpc—3) selection is applied to the par-
ent sample, the close-pair derived galaxy merger rates
show strong evolution with redshift, as concluded by
Kartaltepe et al. (2007). Combining the Kartaltepe et
al. (2007) and de Ravel et al. (2009) samples (Table
1), we find the galaxy merger rate per unit co-movin
volume Tpgirsn, = (0.11 £ 0.03)(1 + 2)2-95+110[10~
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Mpc~? Gyr—'h$,] (blue line, center panel). The evolu-
tion is significantly steeper than the value derived for
the PLE parent sample with a declining number density
(e = —0.3%1.0). The evolution in fraction merger rate is
similar, with Rp4irs,n,,, = (0.016 £ 0.001)(1 4 z)3-00£0.32
[Gyr~!] (blue line, right panel).

The best-fit to the G — My, major+minor rates
for galaxies selected number density have systemati-
cally weaker evolution (although the uncertainities are
large): T'G—Myo,np0 = (2.60+0.06)(1 + 2)T0-41£089[10-3
Mpc ™ Gyr~'h3] and Rg—ny,n,., = (0.49 £ 0.32)(1 +
z)t009£0.77 [Gyr=1] . Subtracting the best-fit close-pair
derived major merger rates, the inferred minor merger
rates are I'minor,n,, = (2.56 £1.11)(1+ 2)+0-09+1.64[19=3
Mpc=2 Gyr~'h3,] and Reminornge = (0.37 £ 0.03)(1 +
2)7O15£018 [Gyr=1]. At 2 ~ 0.7, the volume-averaged
and fractional minor merger rates for galaxies selected
at nggr ~ 6 x 1073 Mpc™3 are ~ 4 — 5 times the major
merger rates.

5.5. Predicted Halo and Galazy Merger Rates

NEED DISCUSSION of SAMS/ semi-empirical
galaxy evolution predictions for these selections

**to be revised ** Numerical simulations of the evolu-
tion of dark matter structure on large scales (e.g. the
Millennium Simulations) consistently predict that the
number of dark matter halo mergers per Gyr per halo
increases with redshift at a rate ~ (1 + 2)2=% ( e.g.
Gottléber, Klypin, & Kravtsov 2001; Fakhouri & Ma
2008; Genel et al. 2009). Because the halo merger rate
is a function of halo mass, the dark matter halo merger
rate is usually calculated per halo, where the halo may
either be the descendant halo (Fakhouri & Ma 2008) or
the progenitor halo ( Genel et al. 2009).

Genel et al. (2009) give the dependence of the dark
matter halo merger rate on progenitor halo mass for dark
matter mass ratios between 1:1 and 1:3 :

~ \onr
TL pals 25
v +

J Was nE
z'~ 1, they find that the total merger rate for mass ratios
greater than 1:10 is roughly twice that for magjor mergers
with mass ratios greater than 1:3. At z ~ 1, the to-
tal merger rate for mass ratios less than 1:30 is roughly
siz times that for major mergers. They do not find ev-
idence for differential evolution between the major and
minor rate rates (per halo). We have concluded that the
G — M2 total major+minor merger rate is roughly five
times the major merger rate at z ~ 0.7. We have as-
sumed that the G — Mg identifies mergers at baryonic
mass ratios between 1:1 and 1:10. However, only a few
simulations with mass ratios > 1:10 were used to deter-
mine the G — Mag observability timescales. It is possible
that G— Myg finds minor mergers down to baryonic/total
mass ratios of 20:1 - 30:1, or that G — Mag merger can-
didates are contaminated with non-merging systems. Fi-
nally, these results could point to a true discrepancy be-
tween the cosmological-scale numerical simulations and
the observed minor merger rate.

6. SUMMARY

We attempt to reconcile the disparate observational
estimates of the galaxy merger rate at 2 < 1.5, and cal-
culate the fractional (per galaxy) and volume-averaged
(per co-moving volume) galaxy merger rates for ma-
jor (1:1 - 1:4) and minor (1:4 - 1:10) mergers. When
physically-motivated cosmologically-averaged timescales,
similar parent sample selections, and consistent defini-
tions of the merger rate are adopted, the galaxy merger
rates derived from a variety of observational studies and
methods are remarkably consistent.

For the first time, we compute cosmologically-averaged
observability timescales for three different approaches to
identifying mergers — close pairs, G—Maq and asymmetry
— using the results of a wide suite of high-resolution N-
body/hydrodynamical merger simulations and three dif-
ferent cosmological-scale galaxy evolution models to pre-
dict the distribution of galaxy merger mass ratios and
baryonic gas fractions. The timescales for close pairs

1 dNmajor 0.0075Gyr=!x (1+10g[_A/{gal° D(142z)%1 and G— My are relatively insensitive to the assumptions
Nharo  dt 1019M¢g about the distribution of galaxy merger properties. How-

9)
We can estimate the minimum halo mass for our cgif-
ferent parent sample selection by assuming Ngal ~ Nhalo
and the biases given in Zheng et al. (2007) for z ~ 1
and z ~ 0 halos. We find that galazies selected with
Mstar > 101°My or PLE assumption and L > 0.4L* ljve
in ~ 2 x 10"2Mg halos at z ~ 1 and ~ 1 x 101 My ha-
los at z ~ 0. Using Equation 9, the ezpected evolution
of the magor-mergers of dark matter halos per co-moving
volume 3for this selection is 0.12(1 + 2)%8[103 Mpc—3
Gyr—'h3] .  Galazies with roughly constant Ngal ~
6 x 1073 Mpc=3 Gyr—'h3, live in halos with masses
~ 2 x 101" Mg hetos at z ~ 1 and ~ 1 x 101 M, hates
at z ~ 0. The expected evolution of the major-mergers
of dark matter halos per co-moving volume with this
constant ngq(z) selection is 0.09(1 + 2)23[10~3 Mpc—3
Gyr~th3,). Therefore the predictions for the major-
merger rate of dark matter halos per co-moving volume
are in good agreement with the major-merger rate derived
from close pairs when halo-mass selection is taken into
account.

Fakhouri & Ma (2008) explore the dark matter merger
rate (per halo) as a function of halo mass ratio. At

ever, the cosmologically-averaged asymmetry timescales
vary by a factor of 2 — 3 with different assumptions for
the distribution and evolution of baryonic gas fractions.
In particular, if the mean gas fraction of merging galaxies
evolves as strongly as recent observations suggest, then
the typical timescale for identifying a galaxy merger via
asymmetry may increase by a factor of 2 from 2 ~ 0 to
z ~1.5. We apply these timescales to the close pair frac-
tion and morphologically-determined merger fractions at
z < 1.5 published in the recent literature to compute
merger rates.

The evolution of the major and minor merger rate of
galaxies depends upon the definition of merger rate (frac-
tional or volume-averaged) and the selection of the par-
ent sample of galaxies for which the merger rate is mea-
sured. For parent samples of fixed stellar mass or with
an assumption of passive luminosity evolution (PLE),
the evolution in the volume-averaged merger rate ['perg
[Gyr~! Mpc—?] is significant weaker than the evolution in
the fractional merger rate R,,ery [Gyr—1]. This is because
the co-moving number density of galaxies with these se-
lections declines by a factor of 2—3 from z ~ 0 to z ~ 1.5.

The fractional and volume-averaged major merger
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F1G. 11.— Top: I'merg, the merger rate per co-moving unit volume for asymmetric galaxies, for Conselice et al. 2009 and Lépez-Sanjuan
et al. 2009 stellar mass-selected samples (left, center) and the Shi et al. 2009 rest-frame B luminosity selected sample (right). Bottom:
Rmerg, the fractional merger rate for the same samples. I'merg and Rmerg are calculated using the three different observability timescales
(Somerville et al. 2008, black; Croton et al. 2006, blue; Stewart et al. 2008, red) for each study. For comparison are the best-fitfto the
major merger rates from the close pairs (blue lines) and major+minor merger rates from G — Mg (green dashed lines)\'_I‘he error-bars are

computed using the observational uncertainties on fmerg and ngq; and do not include uncertainities in (Tobs)-

rates at 0 < z < 1.5 for galaxies selected above a fixed
stellar mass or assuming passive luminosity evolution are
calculated for close pairs with stellar mass ratios or opti-
cal luminosity ratios between 1:1 and 1:4. Pairs selected
from a sample of galaxies with stellar mass > 1019 M
have a fractional major merger rate Rpairs ..., (2) =
(0.03+0.02)(1 4 2)*+7+3-0 [Gyr=1] | while pairs selected
from a sample brighter than ~ 0.4L* and an evolving
rest-frame optical L* have a similar fractional major
merger rate Ryairs, pLE(2) = (0.03 ~ 0.01)(1 + 2)%1£0-2
[Gyr~!]. The volume-average major merger rates do not
evolve significantly, with Tpairs a,,., (2) = (0.54+1.4)(1+
2)70-9£3:2[10=3 Mpc—3 Gyr~'hy] and Tpgirs pLe(2) =
(0.30-£0.04)(1+42)%1%0-4110~3 Mpc—3 Gyr~1h3,]. There-
fore, the number of major mergers per bright/massive
galaxies increases as ~ (1 + 2)? with redshift, but the
number of major mergers per co-moving volume (selected
above a constant stellar mass) does not evolve signifi-
cantly with redshift. The major merger rates for galax-
ies selected with Mg, > 1010M@ and with Lg > 0.4L%
agree within the uncertainties, implying that luminos-

ity brightening does not strongly bias the (evolving)
luminosity-selected sample.

The G — My derived merger rate for similarly- selected
parent samples are significantly larger than the close-
pair derived major merger rates. This is consistent with
the simulation predictions that G — My selected mergers
span a wider range of mass ratio (1:1- 1:10) than the close
pair major-merger studies (1:1-1:4). We estimate the mi-
nor merger (14 > Msageltte : Mprimary > 110) rate by
subtracting the best-fit close pair merger rate from the
G — Myo merger rate. For stellar mass selected samples,
we find that the minor merger rate is Trinor, My =
(0.8 £ 5.1)(1 + 2)~0-2£28[10=3 Mpc—3 Gyr—1h3,], and
Reminor, Mo, = (0.27 £ 0.08)(1 + 2)~0-0520.66 [Gyp—1],
For PLE selected samples, the minor merger rate is
Liminor,pLe = (1.0 £ 0.1)(1 + 2)~03%£1.0[10=3 Mpc—3
Gyr~'hd;] and Roinor prE = (0.28+£0.08)(1 + z)—0-1£0.6
[Gyr~1].  The fractional and volume-averaged minor
merger rates are ~ 3 times the major merger rates at
z ~ 0.7, and suggest weaker evolution in the minor
merger rate than the major merger rate at z < 1.

%rm W(“V" /o .
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limit < —19.2 (green asterisks) in order to match the roughly constant ngq; of these studies. Center: The galaxy merger rates per unit
co-moving volume for samples selected at constant nge; v. redshift. We find Tg— sy, o (1 4 2)0-41£0-89 a4 Tpairs o (1 + 2)2-95£1.10

The inferred minor merger rate is ' Mao

at constant ngq; v. redshift. We find §RG—M20 x (1+ 2)0'093‘:0'77 and Rpgirs

— Tpairs o (1 + 2)%09%1:63 Right: The galaxy merger rates per galaxy for samples selected

(1 + 2)300£0-32  The inferred minor merger rate is

RG— Mo — Rpairs < (1 4 2)~0-15£0.18  The error-bars are computed using the observational uncertainties on fmerg, fpair, and ngq; and

do not include uncertainities in (T,,).

The merger rates derived from observations of the frac-
tion of asymmetric galaxies are highly uncertain. Differ-
ent methodologies for correcting asymmetry for surface-
brightness dimming, sky noises, and the false merger con-
tamination result in a factor of 10 discrepancy in the
literature values of the fraction of asymmetric galaxies.
The theoretical average observability timescales give a
factor of a few uncertainty to the asymmetry merger
rate, because of their dependence on the unknown dis-
tribution of fyes. The asymmetry-derived merger rates
generally fall between the close-pair major merger rate
and the G — My major+minor rate, as expected the ex-
pected range of merger mass ratios for asymmetric galax-
jes (>1:4-1:10).

We have also measured the galaxy merger rates for
samples selected with roughly constant co-moving num-
ber density (ngai(z) ~ 6 x 1073 Mpc=3). This se-
lection results in a stronger evolution in the merger
rate, because it probes fainter/less massive galaxies at
higher 2 and brighter/more massive galaxies at low z
than fixed stellar mass selection. This selection also
is expected better track projenitor-descendent popula-
tions, and better match dark matter halo merger rate
calculations.  Strong evolution in the major merger
rates at roughly constant co-moving number density
are observed, with TI'pairsn,, = (0.11 & 0.03)(1 +

z)2.95:tl.10[10—3 Mpc_a Gyr‘lh%] and %pairs,ngal
(0.016 + 0.001)(1 + 2)300£0:32 [Gyr—1) The in-
ferred minor merger rates evolve weakly with redshift —

Liminornge = (2.56 £ 1.11)(1 + 2)+0-09£1.64[10=3 \pc—3
Gyr~'hdy] and Rpninor,n,. = (0.3740.03)(1+2)0-15%0.18
[Gyr~1].

The major-merger rates for galaxy samples se-
lected by stellar-mass, PLE, and constant number
density are all in good agreement with the ma-
jor merger rates predicted for dark matter ha-
los when we match galaxy samples to the cor-
rect dark halo mass at each redshift. The minor
merger rates we derive are a factor of 2 — 3 higher
than expected for dark matter halo merger with
mass ratios > 1:10 . We may have underestimated
the range of mass ratios detected by G— My or the
contamination rate of false mergers in the G — My
sample. Alternatively, this result could indicate a
true discrepancy between the cosmological simu-
lations and the observations. SAM predictions??
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