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Abstract.

We analyze 1298 merging galaxies with redshifts up to z = 0.7 from the Canada-
France-Hawaii Telescope Legacy Survey, taken from the catalog presented in Bridge et
al. (2010). By analyzing the internal colors of these systems, we show that so-called
wet and dry mergers evolve in different senses, and quantify the space densities of these
systems. The local space density of wet mergers is essentially identical to the local
space density of dry mergers. The evolution in the total merger rate is modest out to
z ∼ 0.7, although the wet and dry populations have different evolutionary trends. At
higher redshifts dry mergers make a smaller contribution to the total merging galaxy
population, but this is offset by a roughly equivalent increase in the contribution from
wet mergers. By comparing the mass density function of early-type galaxies to the
corresponding mass density function for merging systems, we show that not all the
major mergers with the highest masses (Mstellar > 1011M�) will end up with the most
massive early-type galaxies, unless the merging timescale is dramatically longer than
that usually assumed. On the other hand, the usually-assumed merging timescale of
∼ 0.5−1 Gyr is quite consistent with the data if we suppose that only less massive early-
type galaxies form via mergers. Since low-intermediate mass ellipticals are 10–100
times more common than their most massive counterparts, the hierarchical explanation
for the origin of early-type galaxies may be correct for the vast majority of early-types,
even if incorrect for the most massive ones.

1. INTRODUCTION

Galaxy mergers are essential building blocks under the hierarchical galaxy formation
scenario. Conventionally people use a power law (1 + z)m to parametrize the merger
rate. Despite the effort that has been dedicated to constrain the power law index m
in the past decade (Bundy et al. 2009; Conselice et al. 2003; Bridge et al. 2007; Lin
et al. 2008; Lotz et al. 2008; Jogee et al. 2009), however, the evolution of merger rate
still remains elusive. A recent study by Bridge et al. (2010) analyzed these published
merger rates and concluded that, overall, there is a general agreement that the merger
rate at intermediate redshifts (0.2 < z < 1.2) does evolve, although the constraints on
m remain fairly mild. Bridge et al. (2010) rule out m < 1.5 (i.e. flat or mild evolution)
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and suggest that the wide range of m reported in the literature is due to a combination
of factors, including variation in the redshift ranges being probed, small sample sizes
in some of the surveys, and cosmic variance.

In this paper, we implemented the best pattern recognizer - the brain-eye com-
bination to select mergers. Second, instead of using the traditional merger fractions
to describe the merger evolution, we use the space density corrected by the standard
1/Vmax formalism (Felten 1977; Schmidt 1968) to provide a luminosity bias free and
more physical meaning picture for the merger evolution.

An important subsidiary goal of the present paper is to chart the differential merg-
ing history of color-selected sub-classes of merging galaxies. In recent years a host
of observations have shown the evolutionary histories of galaxies in the so-called ‘red
sequence’ and and ‘blue cloud’ are different (Bundy et al. 2009; de Ravel et al. 2009;
Lin et al. 2008; Willmer et al. 2006). This has led to the idea that it is important to dis-
tinguish between mergers that result in significant star-formation (‘wet mergers’) and
those which merely re-organize existing stellar populations (‘dry mergers’). However,
the importance of these wet and dry mergers in the formation of red sequence galaxies
is still not clear (Bell et al. 2007; Bundy et al. 2004, 2009; Faber et al. 2007; Lin et al.
2008; Scarlata et al. 2007), and it is of interest to determine if wet and dry merging
systems exhibit similar evolutionary trends as a function of cosmic epoch.

Throughout this paper, we adopt a concordance cosmology withH0=70 km s−1Mpc−1,
ΩM = 0.3, and ΩΛ = 0.7. All photometric magnitudes are given in the AB system.
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Figure 1. g′ − i′ rest frame color versus stellar mass in log unit of ∼ 2200 field
galaxies in the CFHTLS survey used for merger color classificaion. See text for
details.

2. OBSERVATIONS

As has already been noted, a detailed description of the selection strategy for (and basic
properties of) the galaxies analyzed in the present paper has already been presented in
Bridge et al. (2010). The reader is referred to that paper for details beyond the outline
presented here.
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2.1. Data

The data in this paper come from two of the Canada-France-Hawaii Telescope Legacy
Survey (CFHTLS) deep survey fields. These fields (denoted D1 and D2) together cover
an area of 2 square degrees. The CFHTLS deep survey has high-quality broad-band
photometry in five bands (u∗, g′, r′,i′,z′) and the depth of the survey ranges from 26.0
(z′) to 27.8 (g′). The typical seeing for the final stacks is 0.7”-0.8” in the i′-band.
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  from (Bridge et al. 2010)

Solid lines: Flat color cut
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Figure 2. Merger fractions computed using two different methods. Red and blue
curves represent the merger fractions of dry and wet mergers. [Left] Merger frac-
tion derived from different fiducial color cuts with integrated colors in different line
styles (i.e., different C values in equation (1)). [Right] Merger fractions derived from
different internal color ratios.

2.2. Merger identifications

Merging galaxies were selected visually, with multiple cross-checks on the visual clas-
sifications, and using simulations to characterize detection thresholds for features that
are signatures of mergers. Interacting galaxies are defined as systems with a tidal tail or
bridge. All galaxies down to an i′vega ≤ 22.9 mag (∼ 27,000) were inspected resulting
in a final sample of 1298 merging galaxies. The merger identification rate for galaxies
with i′vega ≤ 21.9 mag is estimated to be > 90%, and is used as the limit for merger
identification. A group of galaxy mergers with redshift ranges from z = 0.3 to z = 0.45
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and Mg ≤ −21.0 mag were selected to estimate the detection completeness. They were
artificially redshifted to higher redshifts after accounting for the k-correction, change in
angular size and surface brightness dimming. After this step the merger identification
was conducted again and ∼ 85% of the redshifted mergers was classified as mergers up
to z = 0.7. This redshift limit is also used as the upper limit when performing the 1/Vmax

correction to eliminate the Malmquist bias and compute space densities. It is important
to note that Vmax of mergers presented in this paper is defined as the maximum volume

over which mergers can be identified as such, and not the maximum redshift at which a

given galaxy’s integrated magnitude remains above the detection threshold.

2.3. Galaxy properties

The galaxy properties were derived by comparing the spectral energy distributions
(SEDs) obtained from observed fluxes to a set of template SEDs. The best-fit SEDs
were determined through a standard minimum χ2 fitting between the template SEDs
and the observed fluxes. The template SEDs were computed by the PEGASE-II galaxy
evolution code (Le Borgne et al. 2004) and were integrated through the CFHT filters.
The SED fits were undertaken using the Z-Peg code (Le Borgne & Rocca-Volmerange
2002) and details are described in Bridge et al. (2010). The photometric accuracy is de-
termined by comparing the derived photometric redshifts to the spectroscopic redshifts
in the SNLS sample (Bronder et al. 2008). The accuracy of the photometric redshift
down to i ∼ 22.5 is σ∆z/(1 + z) = 0.04.
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Figure 3. Space densities of wet and dry mergers. See text for details.

3. Classification of Wet and Dry Mergers

We divide galaxies into ‘red’ and ‘blue’ categories utilizing the so called ‘color bi-
modality’ method. The fiducial color is defined by using the ∼ 2200 visually classified
field galaxies in CFHTLS D1 and D2 field on the rest-frame g′− i′ versus galaxy stellar
mass diagram (see Figure 1). Red dots represent visually classified elliptical galaxies
and blue dots indicate spiral galaxies. The green dots indicate the objects with MIPS
24µm detection (down to a flux limit of 340 µJy). Cowie & Barger (2008) report that
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Dashed Lines: 0.4<z<0.7
Solid Lines: 0.1<z<0.4
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Figure 4. [Left] Mass density functions of total mergers in two redshift bins.
[Right] Mass density functions of wet and dry mergers in blue and red curves.

at z < 1.5 most red galaxies with a 24µm flux > 80µJy fall into the blue cloud af-
ter the appropriate dust extinction is applied. Thus, we artificially assign the green
dots with g′ − i′ color greater than the color bimodality to the blue cloud. The stellar-
mass-dependent fiducial color cut was adopted based on the red sequence fitting of 115
visually classified elliptical field galaxies with spectroscopic redshifts from Cosmolog-
ical Evolution Survey (COSMOS) (Scoville et al. 2007; Lilly et al. 2007). The fitting
line is expressed by the following equation:

(g′ − i′)rest = −0.0076 + 0.13 × Mstellar −C (1)

The constant C serves as a parameter to control the vertical position of the fitting line
on the diagram. To account for the potential classification errors caused by different
slopes andC values, we have explored the implications of changing the free parameters
in Equation (1). In addition, we also perform the color classification with a flat color
cut g′ − i′ = 1.29 that has the same amount of red (blue) galaxy contamination in blue
(red) clouds. As a result, we find that all trends reported in this paper remain robust to
the specific numerical values chosen (see Fig. 2 for details).
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3.1. Methods

The first method for segregating wet mergers from dry mergers is to look at the total
integrated g′ − i′ color of the merger. Mergers whose integrated colors are redder than
the threshold are deemed ‘dry’, and systems bluer than the threshold are deemed ‘wet’.
The second method is based on analysis of the colors of individual pixels to avoid non-
uniform color distribution problem that the integrated color method may encounter.
Pixels with rest-frame g′ - i′ color greater than the fiducial threshold are labeled as
‘red’, and the ratio of the total flux in red pixels to the flux in all pixels is calculated.
We refer to this quantity as the ‘Red-to-Total ratio’, (R/T ), given by:

(R/T ) =
Fred

Ftotal

(2)

where Fred indicates flux contained in red pixels and Ftotal refers to the flux from the
entire merger.

4. RESULTS

4.1. Merger Fractions

Merger fractions were computed using the integrated color and internal color methods,
result is shown in Figure 2. Red and blue curves represent the merger fractions of dry
and wet mergers. Figure 2 left panel shows the merger fraction derived from different
fiducial color cuts with integrated colors in different line styles (i.e., different C values
in equation (1)). Figure 2 right panel shows the merger fractions derived from different
internal color ratios. In both panels, red curves indicate dry mergers, blue curves in-
dicate wet mergers, and black curves indicate the total merging population. Error bars
are estimated by assuming Poisson errors. In the left panel, different color cuts do not
affect the scientific results, and in the right panel different red to total ratios also do not
change the overall merger faction evolution trend, showing the result is robust under
different wet and dry merger classification conditions. Since the result from the inte-
grated color method is consistent with that from R/T equals to 0.5, we fix R/T = 0.5 as
the threshold in classifying wet and dry mergers for the following results. If parametrize
the curve with R/T = 0.5 with the power law (1 + z)m, we obtained m = 0.2 ± 0.3 and
m = −3.1 ± 0.5 for wet and dry mergers, respectively.

4.2. The Space Density of Merging Galaxies

Figure 3 shows the space density of wet and dry mergers in CFHTLS. Blue and red
curves correspond to wet and dry mergers, respectively, while the black curve shows the
total for all mergers. These space densities were computed by weighting each merger
by 1/Vmax and summing over redshift bins. The growth in the total space density of
mergers is modest, increasing by about a factor of two over the redshift range probed.
The wet and dry merging galaxies show opposite trends with redshift. The space den-
sity of wet mergers is increasing with redshift, while that of dry mergers is (perhaps)
modestly decreasing. Note that the space density of dry mergers becomes important in
the relatively low redshift range and crossover with that of wet mergers at z ∼ 0.2.
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Figure 5. A comparison of mass density functions between galaxy mergers and
early type galaxies taken from Bundy et al. 2004.

4.3. The Stellar Mass Density Function

Figure 4 left panel shows the mass density functions of total mergers in two redshift
bins. The high-redshift bin (0.4 < z < 0.7) is shown with a dashed curve, while the low
redshift bin (0.1 < z < 0.4) is shown with a solid curve. We see evidence for modest
evolution in the mass density function, with most change occurring at intermediate
masses, and no change at the high and low mass ends. Figure 4 right panel shows the
mass density functions of wet and dry mergers in blue and red curves. Different line
styles segregate the data into two redshift bins, as for the left-hand panel. For mergers
in the most massive bin, an increase in the dry merger space density is offset by a
decrease in the wet merger space density, so the total space density is nearly conserved.
At intermediate masses, the mass density function of dry mergers is nearly unchanged
in both redshift bins, with perhaps some evidence for a slight decrease in the space
density of intermediate-mass dry mergers at high redshifts. On the other hand, the mass
density function of wet mergers is increasing with redshift.

5. DISCUSSION

Figure 5 shows a comparison of the stellar mass density function for mergers in the
present sample with the corresponding stellar mass density function for early-type
galaxies presented in Bundy et al. (2005). The data point of early type galaxies are
more or less from the same redshift bins. Two vertical lines indicate the completeness
limit of early type galaxies in different redshifts. x First of all, the shapes for mergers
and early type galaxies are completely different. Given a relatively flat merger space
density evolution history mentioned above and assuming a constant merging timescale,
one should expect that that mass density function of early type galaxies should has the
same shape as that of mergers but with higher number densities. The different shape in
mass density functions of both early type galaxies and mergers implies that there is no
1:1 relation between these two groups, unless the merging timescale is a strong func-
tion of stellar mass. Second, the number density of early type galaxies can be estimated
by using the space density of mergers and assuming a certain merging timescale. That
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is, Nearly = Nmerger ×
T
tm
, here we approximate the merger space density as a constant

over a cosmic timescale of six billion years (for redshift up to z ∼ 0.7) and adopt a
typical merging timescale tm = 0.8. We discover that the predicted number density of
early type galaxies at the highest mass bin exceeds the actual number density of early
type galaxies. That is, not all massive mergers would end up with massive early type

galaxies, unless the merging timescale is longer than the expected value. For merg-
ers in lower mass bins, galaxy mergers contribute ∼ 30% - 50% of early type galaxies
presented in the low redshift Universe.
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