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ABSTRACT

Context. Detecting post-merger features of merger remnants is highly dependent on the depth of observation images. However, there
has not been much discussion of how long the post-merger features are visible under different observational conditions.

Aims. We investigate a merger-feature time useful for understanding the morphological transformation of galaxy mergers via numer-
ical simulations.

Methods. We used N-body/hydrodynamic simulations, including gas cooling, star formation, and supernova feedback. We ran a set of
simulations with various initial orbital configurations and with progenitor galaxies having different morphological properties mainly
for equal-mass mergers. As reference models, we ran additional simulations for non-equal mass mergers and a merger in a large halo
potential. Mock images using the SDSS r band were synthesized to estimate a merger-feature time and compare it between the merger
simulations.

Results. The mock images suggest that the post-merger features involve a small fraction of stars, and the merger-feature time depends
on galaxy interactions. In an isolated environment, the merger-feature time is, on average, ~2 times the final coalescence time for a
shallow surface bright limit of 25 mag arcsec™2. For a deeper surface brightness limit of 28 mag arcsec™2, however, the merger-feature
time is a factor of two longer, which is why the detection of post-merger features using shallow surveys has been difficult. Tidal force

of a cluster potential is effective in stripping post-merger features out and reduces the merger-feature time.

Key words. galaxies: formation — galaxies: interactions — galaxies: evolution — methods: numerical

1. Introduction

Since the seminal work of Toomre & Toomre (1972) illustrat-
ing the peculiar features of nearby galaxies, galaxy merger has
been considered a fundamental phenomenon in understanding
galaxy formation. The Lambda cold dark matter (ACDM) model
predicts the hierarchical galaxy formation which suggests that
present-day galaxies are formed from successive accretions and
mergers of smaller entities (White & Rees 1978). In this con-
text, large early-type galaxies are believed to have experienced
mergers between disk galaxies in the past (Toomre 1977).

Theoretical perspectives of galaxy interactions help us un-
derstand galaxy formation and evolution. In particular, star for-
mation histories and the dynamical properties of galaxy merg-
ers have been investigated through numerical simulations (e.g.,
Gerhard 1981; Barnes & Hernquist 1991; Hernquist 1992; Naab
& Burkert 2003; Cox et al. 2006a,b; Di Matteo et al. 2007;
Peirani et al. 2010). The numerical simulations suggest that the
properties of merger remnants, such as their isophotal shapes,
surface density profiles, and the ratio between local rotation to
velocity dispersion (v/o), are consistent with those of observed
early-type galaxies. In addition, dissipative mergers can account
for the central concentration of starbursts between merger rem-
nants (Barnes & Hernquist 1991; Mihos & Hernquist 1994;
Springel 2000).

However, the gap between observation and theoretical study
is still considerable. The properties of galaxies beyond their in-
ternal structures, e.g., magnitudes and colors, have rarely been
studied primarily because of the difficulty of modeling dust
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effects in the interstellar medium of galaxies. Various methods
have recently been developed to overcome this problem.

One method is the use of Monte Carlo radiative transfers
assuming idealized galaxy models or using distributions of gas
and stars from numerical simulations (Silva et al. 1998; Jonsson
2006). Although this method provides detailed and extensive
panchromatic data for galaxies, it requires high computational
costs. The other method is to directly assign spectral data to
a single stellar population using population synthesis models.
This method is effective because of its simplicity and applicabil-
ity. Several studies have examined the observable properties of
merger remnants by assuming the total amount of dust extinc-
tion from empirical data (Kaviraj et al. 2009; Gabor et al. 2011).
Therefore, their approaches are well-suited to studying the inte-
grated magnitudes and colors of each galaxy, but not to studying
regional differences.

The data provided by large surveys and improvements in
numerical modeling give us an opportunity to study all physi-
cal processes that occur during the interactions of galaxies. As
an illustration, large surveys such as the CfA2 Redshift Survey,
the Two-Degree Field (2dF) Galaxy Redshift Survey, the Deep
Extragalactic Evolutionary Probe (DEEP), and the Sloan Digital
Sky Survey (SDSS) have collected detailed galaxy properties,
while hydrodynamic simulations and population synthesis mod-
els have been employed to produce the observable properties of
merger remnants. Recent studies have tried to compare the pho-
tometric quantities derived from numerical simulations to data
from large surveys (Springel et al. 2005a; Gabor & Davé 2012).

Most massive galaxies are expected to undergo a series of
merger events (Stewart et al. 2008). It is then necessary to
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Fig. 1. SDSS images (top) and CTIO r’ band images (bottom) of galax-
ies in Abell 2670. The images are courtesy of Yun-Kyeong Sheen.
The galaxies in each column are the same object. The surface bright-
ness limits in the SDSS and CTIO observations are pm; ~ 25 and
28 mag arcsec 2, respectively. One can see that the deep images reveal
faint tidal features around the galaxies.

constrain timescales such as first passage, maximum separation,
and final coalescence when we predict the physical properties of
galaxies. Observations help identify the timescales using angu-
lar separation, line-of-sight radial velocity, and correlation func-
tions (Patton et al. 2000; Barton et al. 2000; Lin et al. 2004;
De Propris et al. 2005; Bell et al. 2006; Li et al. 2008). Recent
studies have shown that the timescales before the final coales-
cence can be formulated analytically based on numerical simu-
lations (Boylan-Kolchin et al. 2008; Jiang et al. 2008). However,
only a few studies have measured timescales beyond the final
coalescence. One such timescale is the merger-feature time, the
moment when faint and disturbed features of merger remnants
(post-merger features) disappear. Lotz et al. (2008) assumed
that the merger-feature time (which they call the “post-merger”
stage) ends 1 Gyr after the final coalescence. However, the
merger-feature time obviously depends on observational condi-
tions such as surface brightness limits.

Figure 1 shows three early-type galaxies in Abell 2670 ob-
served from the SDSS (ujimiy ~ 25 mag arcsec™?) and from
the CTIO 7’ band (ujimir = 28 mag arcsec™?) by Sheen et al.
(2012). The images from the SDSS show only the central regions
of the galaxies and suggest elliptical-like galaxies. However,
the deeper images from the CTIO observations clearly show
faint structures around the galaxies and thus characterize more
accurately the dynamical and relaxation state of the galaxies.
Therefore, this suggests that the merger-feature time could be
estimated more accurately with the deeper images.

In this work, our aim is to study the merger-feature time af-
ter galaxy merger while considering both reasonable dynamical
evolutions of galaxy mergers and dust attenuation. We produce
a set of merger events using N-body/hydrodynamic simulations
from which we extract the dust-attenuated spectra of galaxies
using both Bruzual & Charlot (2003) and Calzetti et al. (2000).
This modeling allows us to construct mock images of galaxies
mimicking observational environments to be compared with ob-
servational data.

This paper is organized as follows: the numerical modeling
is summarized in Sect. 2, while the methodology used to extract
observable properties is described in Sect. 3. In Sect. 4, we com-
pare the merger-feature times of merger remnants. Finally, we
discuss the results in Sect. 5.
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2. Numerical modeling
2.1. Galaxy modeling and simulations

The numerical methodology used in this paper is described in
detail in Peirani et al. (2009) to which we refer the reader for
more information. For the sake of clarity, we summarize the ma-
jor steps below.

Our study is focused on 1:1 mass-ratio mergers where the fi-
nal coalescence time is the shortest in the large parameter space
(e.g., Boylan-Kolchin et al. 2008). This 1:1 value is also use-
ful for measuring various timescales as we will discuss below.
Galaxies are created following the prescription described by
Springel et al. (2005b). We use a compound galaxy model con-
sisting of a spherical dark matter halo, a rotationally-supported
disk (of gas and star), and a bulge, with independent parameters
describing each of the structural components. The distribution
of the dark matter halo follows a Hernquist profile (Hernquist
1990), with a concentration parameter of C = 14 in both galax-
ies following Dolag et al. (2004). We also assume a thin disk
structure of gas and stars with an exponential surface density.
The scale length of disk, Ry, is determined following Graham
& Worley (2008), and the bulge distribution is assumed to be
spherical while also following a Hernquist profile. We adopt a
conventionally determined disk scale height z(, and a bulge scale
length b as b = zp = 0.2 Ry. The baryon fraction derived from
Komatsu et al. (2011) is used. The gas fraction of our model
galaxies is consistent with the estimation in Binney & Merrifield
(1998) and Kannappan (2004). The maximum speed of the ro-
tation curve is about 150 km s~! as suggested by the baryonic
Tully-Fisher relation (McGaugh 2005). We limit our study to Sa
and Sb model galaxies. To consider unequal-mass mergers, we
constructed three satellite galaxies by changing the total mass of
the Sb galaxy while fixing the other parameters. They are one-
third, one-sixth, and one-tenth of the Sb galaxy in total mass and
are labeled as Sbs, Sbe, and Sbyg, respectively. Table 1 summa-
rizes the parameters of each galaxy.

The simulations were performed using the publicly-available
code GADGET?2 (Springel 2005) with added prescriptions for
gas cooling, star formation, and feedback from Type Ia and II su-
pernovae (SNe). We note that gas particles with 7 < 2 x 10* K,
number density n > 0.1 cm™, overdensity Apg,s > 100, and
V.v < 0 form stars according to the standard star formation
prescription: do./df = ¢.0gas/tayn, Where p. refers to the stel-
lar density, #4y, is the local dynamical timescale of gas, and
¢, is the star formation efficiency. More than a million parti-
cles were used for each run. Consequently, the particle masses
are mpm = 4 X 10° Mo, mgisk = Mgas = 5 X 10* Mg, and
Mpulge = 1.5 X 10° M, for dark matter, disk, gas, and bulge, re-
spectively. The gravitational softening lengths are epy = 0.1 kpc,
Edisk = €gas = 0.2 kpc, and epyiee = 0.1 kpe.

The stability of our model galaxies is measured by investi-
gating the star formation rate (SFR) of each galaxy in isolation as
shown in Fig. 2. We found SFRs of, on average, ~0.22 Mg yr~!
and ~1.3 M, yr~! over 1 Gyr for the Sa and Sb models, respec-
tively. We note that the SFRs are consistent with the observa-
tional sample of James et al. (2004).

The difference between the SFR amplitudes of the two model
galaxies is due to the difference between the initial masses of
gas in the disks (see Table 1). The gradual decay of SFR is as
expected since the available gas is progressively converted into
stars. External accretion of gas could be considered to repro-
duce the constant average SFRs found in observations of spiral
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Table 1. Initial parameters of model galaxies.

Sa Sb Sb3 Sb6 Sb]()
Total mass, My;; (1010 M) 170 170 57 28 1.7
DM mass, Mpy (10'° M) 141 141 47 24 14
Stellar disk mass, My (10'° M) 1.61 181 0.60 030 0.18
Stellar bulge mass, My, (10° M) 10.74 452 151 0.75 045
Gas mass, Mg, (10° M) 141 565 188 094 0.57
B/T ratio 04 0.2 0.2 0.2 0.2
Spin parameter, A 0.05 0.05 0.05 0.05 0.05
Disk scale length, Ry (kpc) 258 329 228 181 1.52
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Fig. 2. Star formation rate for isolated Sa and Sb models at intervals
of 10 Myr. The Sb model with a higher gas content shows star for-
mation rates roughly an order of magnitude higher than the Sa model.
Initial bursts of new stars in both models are contributed from the gas
compression of gas into density waves and the absence of supernova
feedback from young stellar populations.

galaxies in the middle of the Hubble sequence (Kennicutt 1983;
Kennicutt et al. 1994), but is not included in our study in order
to simplify our simulation.

As shown in Fig. 2, initial bursts of new stars occur as a result
of gas compression into density waves early in the simulations.
However, the initial bursts are suppressed after supernova feed-
backs are exerted on gas (see Di Matteo et al. 2007). Each model
galaxy is quite stable as no spurious effects are seen in the evo-
lution of the SFRs because of specific choices of gravitational
smoothing or the phase of the initial condensation of gas.

2.2. Definition of merger timescales

Figure 3 shows characteristic timescales of a merger event. Each
merger event is characterized by several successive and distinct
phases. We identify several critical timescales that show dis-
tinctive features during the merger: the first passage time (gp)
when the companion galaxy first passes the closest distance,
the maximum separation time (f\s) after the first passage time,
and the final coalescence time (fgc) when the two galaxies fi-
nally merge. In addition, we adopt the merger-feature time (#yp)
when the merger remnant hides post-merger features viewed
perpendicular to and parallel to the orbital plane. We consider
two merger-feature times by visual inspection based on two sur-
face brightness limits in the SDSS r band: g, jimit = 25 (fmr.25)

Table 2. Initial orbital configurations.

Simulation® Pair® e Rpei®  ihost”
SbSbOp Sb-Sb 1 5 0
SbSb45p Sb-Sb 1 5 45
SbSb90p Sb-Sb 1 5 90
SbSb135p Sb-Sb 1 5 135
SbSb180p Sb-Sb 1 5 180
SaSb45p Sa-Sb 1 5 45
SaSb90p Sa-Sb 1 5 90
SaSb135p Sa-Sb 1 5 135
SbSb45r Sb-Sb 1 0 45
SbSb45p+ Sb-Sb 1 10 45
SbSb45e Sb-Sb 0.95 5 45
SbSb45h Sb-Sb 1.05 5 45
SbSb;45h Sb-Sbs 1.05 5 45
SbSb¢45h Sb-Sbg 1.05 5 45
SbSby45h Sb-Sbyg 1.05 5 45
SbSb45hC Sb-Sb 0.95/ 4721 -

Notes. @ Types of galaxies, initial encounter angle, orbital shape (“p”
for parabolic, “r” for radial, “e” for elliptical, “h” for hyperbolic, and
“+” for larger pericentric distance), and additional cluster potential
(“C” for cluster potential) are marked in the simulation name. ”’ Host-
companion pair. ) Eccentricity of orbit. ® Pericentric distance (kpc).
© Inclination of host galaxy (°). ) The orbital parameters with respect
to a cluster potential.

and 28 mag arcsec™2 (tmr28). The ppjimic = 25 mag arcsec™? is

comparable to the observational limit of the SDSS. The charac-
teristic times are listed in Table 3.

2.3. Initial orbital configurations

In all simulations, the initial separation between the host and the
companion is 90 kpc, the virial radius of the host galaxy. The
pericentric distances adopted here are consistent with those of
dark matter haloes in cosmological simulations (see Khochfar &
Burkert 2006). The definition of inclination with respect to the
orbital plane is adopted from Toomre & Toomre (1972).

Table 2 summarizes all information related to the specific
orbital configuration of each merger. For the convenience of
comparison between the simulations, we first constructed five
fiducial mergers (top five mergers in Table 2). The progeni-
tor galaxies are Sb models. The eccentricity is e = 1, and the
pericentric distance is Rpei = 5 kpc. The inclinations of the
host galaxies are set to inoy = 0° (prograde), 45°, 90°, 135°,
and 180° (retrograde).

Modifying the fiducial mergers, we constructed eleven ad-
ditional mergers. First, the host galaxy was altered from an Sb
to an Sa galaxy, and the inclinations of the host galaxies are
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Table 3. Characteristic times and merger-feature time to final coalescence time ratio.

Simulation  tgp (Gyr)“ tvs (Gyr)® tec (Gyr)°  twras (Gyn)*  twiros (Gyr)°  twros/tec” s /trc?
Equal-mass mergers in isolated environment
SbSb0p 0.41 0.71 1.07 243 +0.34 6.65+0.66 227+032 6.22+0.62
SbSb45p 0.41 0.65 1.07 231 +0.15 7.52+0.74 2.16+0.14 7.03 +£0.69
SbSbo0p 0.41 0.76 1.30 337+0.15 570+045 259+0.11 438+0.34
SbSb135p 0.41 0.60 1.13 244 £0.12 6.13+£084 2.16+0.10 543+0.84
SbSb180p 0.41 0.65 1.03 2.10 £ 0.24 541+042 2.04+024 525+041
SaSb45p 0.41 0.67 1.09 240 +£0.33 563065 220030 5.17=+0.59
SaSb90p 0.41 0.90 1.41 2.59 +0.22 482+025 183+0.16 342+0.18
SaSb135p 0.41 0.63 1.08 2.26 +£0.20 499 +0.24 2.09+0.19 4.62+0.22
SbSb45r 0.38 0.51 0.73 2.25+0.26 7.01+026 3.08+035 9.60=+0.35
SbSb45p+ 0.43 1.00 1.93 3.04 £0.18 6.69 032 1.58+0.09 347=+0.17
SbSb45e 0.49 0.61 0.84 2.68 +£0.32 >8.50" 3.19 £ 0.38 >10.12
SbSb45h 0.35 0.80 1.57 2.99 +0.20 560+047 190+0.13 3.57+0.30
Mean 041+0.03 0.71+0.14 1.19+033 257 +0.82 622+173 2.16+0.80 5.24+146
Unequal-mass mergers in isolated environment
SbSbs45h 0.44 1.11 2.13 4.59 +0.17 726+0.66 2.15+0.08 3.41+0.31
SbSbe45h 0.47 1.48 3.75 5.80 +0.14 830+039 1.55+0.04 221=+0.11
SbSb;y45h 0.48 2.8 12.9 — — — —
Mean! 046+0.02 130+026 294+1.15 5.19+044 778 £0.77 1.77+0.15 2.65+0.26
Merger in a cluster potential
SbSb45hC 0.35 0.80 1.57 2.81 +0.17 402+0.17 1.79+0.11 2.56 +0.04

Notes. @ First passage time. Y Maximum separation time. ¢ Final coalescence time. © Merger-feature time based on g,y = 25 mag arcsec™2.
© Merger-feature time based on i, jimie = 28 mag arcsec™2. ) Ratio between merger-feature time to final coalescence time based on (. jimix =
25 magarcsec™2. @ Ratio between merger-feature time to final coalescence time timescales based on i, jim = 28 mag arcsec™>. ™ Disturbed
structures are clearly visible until the end of simulation (8.5 Gyr). @ In this case, we consider only SbSb345h and SbSbs45h mergers.
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Fig. 3. Overview of merger timescales: first passage time (fgp) When a
companion or satellite galaxy first passes the closest distance, maximum
separation time (fyis) after the first passage, final coalescence time (rc)
when two galaxies finally merge, and merger-feature time (fyr) when
post-merger features disappear given a surface brightness limit.

ihost = 45°, 90°, and 135°. Second, the pericentric distance of
the SbSb45p merger was changed so that Rp.; = 0 and 10 kpc.
Third, the orbital eccentricity of the SbSb45p merger was var-
ied to consider elliptical and hyperbolic orbits as well: we chose
e = 0.95 and 1.05. Fourth, we changed the total mass of the com-
panion galaxy in the SbSb45h merger so that mass ratios are 3:1,
6:1, and 10:1. We chose the SbSb45h merger for comparison
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because its merger timescales are shorter than those in other
cases and so better suited for demonstrating the effects of merger
conditions in question.

As the last step, we placed a merger remnant in a rigid dark
matter potential following a Hernquist profile with a Virgo-like
mass of My, ~ 4.2 x 10" Mg, a concentration parameter of
C =9, and a scale length of a = 236 kpc. We chose the merger
remnant of the SbSb45h merger at the final coalescence time and
let the merger remnant orbit in the cluster potential; the initial
distance from the center is 1200 kpc which is the virial radius
of the cluster halo potential, and the pericentric distance is twice
the scale length of the potential. The choice of the merger in a
cluster halo environment is largely arbitrary, and we would only
like to check out the environmental effect in rough senses. In
all, we simulated and analyzed sixteen merger events consider-
ing different host-companion pairs, inclinations, and orbits. All
equal-mass mergers are simulated until 8.5 Gyr corresponding
to ~8 times the dynamical timescale at the virial radius of the
host galaxy (fgyn ~ 1.1 Gyr). Since unequal-mass mergers evolve
more slowly than equal-mass mergers, they are run for 13 Gyr,
instead.

2.4. Star formation

As mentioned above, star formation in this study is intended
to follow the empirical relation described in Kennicutt (1998).
Thus, to investigate the validity of our models, we also test the
time evolution of the surface density of the gas and the star for-
mation surface density averaged in the central region of each
galaxy.

Figure 4 shows the evolution of our model galaxies in iso-
lation and one merger process (SbSb45p). Each symbol denotes
the properties of a galaxy at an epoch given by the color key.
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Fig. 4. Evolution of star formation surface density vs. gas column den-
sity for the Sa model (filled triangle), Sb model (filled square), and
SbSb45p merger (filled circle). Each symbol corresponds to the cen-
ter of a galaxy at 20 and 5 Myr time intervals for each isolated pro-
genitor (Sa and Sb) and the SbSb45p merger. For the SbSb45p merger,
the merger timescales associated with star formation are labeled with
arrows: i.e., the first passage time (#gp), the maximum separation time
(tms), and the final coalescence time (frc). The solid line is the best fit
given by Kennicutt (1998), and the dashed lines represent a factor of 7
upper/lower bound which covers all observations in the same literature.

In the isolated model galaxies, the surface density of gas and
the star formation surface density decrease continuously starting
from (log Zgy, log Zser) ~ (1.2 Mg pc2, =2 Mg yr~!' pc?) and
(log Zgas, log Zspr) ~ (1.7 Mo pc’z, -1.3 My yr’1 pc’z) for the
Sa and Sb models, respectively. These values closely track the
empirical relation in Kennicutt (1998).

The SbSb45p merger, on the other hand, shows that the
surface density of gas and the star formation surface density
increase as the progenitor galaxies interact and merge with
each other. During the merger-induced starburst, the gas sur-
face density and the star formation surface density reach (log
Toas, 10g Tsrr) ~ (2.3 Mo pc?, —0.2 M yr~! pc™?) which are
comparable to the starburst galaxies with (log Xy, log Zsrr) 2
(2 Mg pc2, -1 Mg yr~! pc=?) in Kennicutt (1998). Figure 4 also
indicates that the SbSb45p merger evolves within the observa-
tional envelope. In addition, we confirm that there is good agree-
ment between all merger simulations and the observational en-
velope. Therefore, we conclude that the model galaxies and the
mergers discussed in this study closely follow the empirical star
formation law, hence passing a sanity check regarding the sensi-
bility of the star formation prescription in our models.

3. Analysis
3.1. Modeling 2D synthetic images

In this section, we describe our ray-tracing algorithm which al-
lows the extraction of observable quantities from snapshots of
merger simulations. This method requires information about the
positions of all particles, the ages of stellar components, gas
properties and chemical composition.

First, we constructed 2D regular Cartesian grids using the
positional information of the particles. The spectral energy dis-
tribution (SED) is assigned to all stellar particles (both disk and
bulge) following Bruzual & Charlot (2003). Since our aim is to
study the time evolution of merging galaxies at low redshift, po-
tentially displaying resolved features, we assume a solar metal-
licity and 2 Gyr-old stellar components following Gallazzi et al.
(2005). It is worth mentioning that dust has a critical role in di-
minishing the flux emitted by stars as the wavelength becomes
shorter. Although the gas column density determines the strength
of dust attenuation, the line-of-sight distribution of gas and stars
should be considered for a more realistic approach. We use the
empirical fitting formula from Bohlin et al. (1978) and the dust
extinction curve provided by Calzetti et al. (2000) to calculate
the amount of dust extinction from hydrogen column density. In
their studies, the dust-to-gas ratios convolved with metal abun-
dances are similar to those of the Milky Way (Alton et al. 1998;
Davies et al. 1999).

To construct a mock image, we determined the field of view
(FOV), distance to a galaxy, and plate scale. We assume a lu-
minosity distance, d; = 100 Mpc, which represents a typical
distance to nearby galaxies in the widely used large-scale sur-
veys such as the SDSS. In addition, we assume a plate scale of
0.5 arcsec per pixel which is comparable to the SDSS plate scale
(~0.4 arcsec per pixel), and a FOV of 6.8 arcmin which can phys-
ically cover the merging area. In this case, 0.5 arcsec and 6.8
arcmin correspond to 0.24 kpc and 200 kpc, respectively. In the
following sections, we analyze the observational properties of
galaxy mergers using the SDSS filter system.

3.2. Convergence tests

Before presenting our main results, it is necessary to conduct a
series of convergence tests to estimate their robustness.

3.2.1. Number of particles

First, we check to what extent the results are affected by the
mass resolution. For this purpose, we ran the SaSb45p merger
three times while varying the total number of particles used to
model each galaxy/halo component, decreasing the number by
a factor of five and increasing by a factor two. We changed
the softening lengths to be inversely proportional to the num-
ber of particles, N. We used N~!/3 relation in this study (see
Merritt 1996). The gravitational softening lengths in the lower-
resolution SaSb45p are epy = 0.17 kpc, €gisk = €zas = 0.34 kpc,
and e = 0.71 kpc, while those in the higher resolution
SaSb45p are epm = 0.079 kpc, €k = €s = 0.16 kpc, and
€pulge = 0.079 kpc. Figure 5 shows the SFR and the time evo-
lution of the amount of newly-formed stars for each simulation.
We note that, despite slight differences, the SFRs all follow the
same trend. Moreover, the difference between the final masses
of new stars at ¢ = 3 Gyr is less than six percent, which suggests
that our results are stable.
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Fig. 5. Star formation rate and cumulative amount of newly formed stars
for various resolutions of the SaSb45p merger: the SaSb45p merger
(black solid line), five times fewer particles than the SaSb45p merger
(red dashed line), and two times more particles than the SaSb45p merger
(blue dash-dotted line).

3.2.2. Plate scale

It is also important to determine the optimal resolution at which
we should perform the ray-tracing for the best accuracy in our
predictions. Increased resolution requires more memory space
and a longer computation time. In addition, finding a reasonable
grid scale is the key to success in ray-tracing since, in this study,
the physical size of the gas particle is ignored while we are able
to assume stellar components as point sources.

Several studies on the internal extinction of spiral galaxies
have been performed in the past decades (Giovanelli et al. 1994;
Tully et al. 1998; Xilouris et al. 1999; Masters et al. 2003).
The amount of dust attenuation is quantified through model-
ing an isolated galaxy. Methods for this computation can be
put into two categories: analytical approximations (Byun et al.
1994; Baes & Dejonghe 2001; Tuffs et al. 2004) and Monte
Carlo calculations (Bianchi et al. 1996; Matthews & Wood 2001;
Pierini et al. 2004). However, models presented in these previ-
ous studies do not include galactic substructures such as spiral
arms and clumps of gas which are expected to affect the total
amount of dust attenuation (Corradi et al. 1996; Rocha et al.
2008). Therefore, taking into account the presence of these sub-
structures in the ray-tracing would be a necessary step toward
realism.

We estimated the amount of dust attenuation using iso-
lated late-type galaxies where the dependences of inclinations of
galaxies are clear (see, e.g., Byun et al. 1994). Figure 6 shows the
amount of dust extinction in the B and J bands in the Sb model
galaxy as a function of inclination and grid resolution. In par-
ticular, we compare the extinction slopes for six different plate
scales as a function of axial ratio assuming the same luminosity
distance.

First, we quantified the amount of extinction in the B band
with respect to the grid resolution and the ratio between the
major axis (a) and the minor axis (b) of the Sb model galaxy.
We found that, apart from the grid with the lowest resolution
(5 arcsec per pixel), the other grid resolutions (0.3 to 3 arcsec per
pixel) led to similar variations in dust attenuation in the B bands,
AMpy with respect to the axial ratio log(a/b). When compared to
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Fig. 6. Amount of dust attenuation in B bands (top) and J bands (bot-
tom) with respect to the ratio between the major axis (a) and the minor
axis (b) of the Sb model galaxy. Each symbol represents the attenuated
magnitude in each model galaxy with a specific plate grid resolution.
The dashed line in the fop panel is the fitting function obtained from
Tully et al. (1998), and the dashed line in the bottom panel is the bilin-
ear fit obtained from Masters et al. (2003).

the results from Tully et al. (1998), who measured B band extinc-
tions of late-type galaxies with various inclinations, we found
that our choice of a grid resolution of 0.5 arcsec per pixel agreed
well with observations. Similar trends were found in the J band.
Masters et al. (2003) argued that dust attenuation is not a linear
function of the axial ratio, but is bilinear or has a quadratic form.
Masters et al. (2003) also suggest a bilinear equation of dust at-
tenuation as a function of inclination compared to the simple
linear formulation in Tully et al. (1998).

Figure 6 shows that high grid resolutions lead to a nice agree-
ment with the observations. Low grid resolutions poorly resolve
the structures which result in deviation from the fitting formula
suggested by the observations. In the following, we then com-
puted fitting functions by adopting grids of 0.5 arcsec per pixel.
We fit the B and J band extinction with a quadratic curve de-
fined as

AMx = ay + a; log(a/b) + az[log(a/b)?, (1)

where ap = 0.01 £0.01, a; = —-0.22+0.14, and a; = 2.96 +£0.21
for the B band; ap = 0.00 + 0.01, a; = -0.23 £ 0.08, a, =
1.49 £ 0.12 for the J band; and a/b is the axial ratio between the
semimajor axis and the semiminor axis of a galaxy.

4. Results
4.1. Detectability of tidal features

For collisionless particles, the dynamical timescale in the cen-
tral region of a merger remnant is relatively short because of
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Fig. 7. Mock image and surface column density of the SbSb45h merger
at three times the final coalescence time (tgc = 1.57 Gyr). Top panels
show mock images viewed perpendicular to (face-on) and parallel to
(edge-on) the orbital plane of a companion galaxy in left-hand column
and in right-hand column, respectively. Color scheme is surface bright-
ness in the SDSS r band assuming luminosity distance, d;, = 100 Mpc
and observational limit, ;i = 28 mag arcsec™2. Bottom panels show
surface column density of stellar and gaseous mass viewed perpendic-
ular to (face-on) and parallel to (edge-on) the orbital plane of a com-
panion galaxy in left-hand column and in right-hand column, respec-
tively. Color scheme represents column density of stellar mass. Contour
is gaseous surface density, and its values are labeled in logarithmic
scale.

the violent mixture of the particles (Mihos & Hernquist 1996;
Springel 2000; Cox et al. 2006b). However, the outer region has
a larger dynamical timescale which leads to long-lasting post-
merger features such as shells, loops, and long tidal arms. For gas
particles, they undergo shocks or dissipation of energy and angu-
lar momentum during the interaction. The gravitational torques
resulting from perturbed structures induce gas to flow inwards
(see also Negroponte & White 1983). The gas inflows end up
with the formation of rotating rings or blobs.

Figure 7 shows the mock images in the SDSS r band (top
panels) and stellar and gaseous column density (bottom pan-
els) of the SbSb45h merger at three times the final coalescence
time (fgc = 1.57 Gyr). Although a few giga years elapsed af-
ter the final coalescence, post-merger features are clearly visi-
ble in the column density. Substructures of merging galaxies are
stretched out along with the orbital plane forming characteris-
tic post-merger features such as shells and loops. Although the
position and shape of the features are dependent on a viewing
angle, they are clearly identifiable.

However, some of the post-merger features are invisible in
mock images (see Fig. 7, top panels). This is mainly because the
features have low surface column density. In our simulations,
stellar surface density lower than ~2 M pc? exceeds the sur-
face brightness limit of pjimic = 28 mag arcsec™2,

4.2. Merger-feature time of equal-mass mergers

Figure 8 shows the mock images of the SbSb45h merger at dif-
ferent characteristic times and according to the observational
limits of the SDSS r band. The images using the SDSS fimi; re-
veal only the central part of each galaxy, resulting in the merger
remnant reaching a spheroidal shape in a relatively short pe-
riod of time. For example, the faint features of the SbSb45h
merger already become invisible at twice the final coalescence
time (tgc ~ 1.57 Gyr) under the SDSS conditions. However, the
mock images with a deeper pyim;c indicate that the merger rem-
nant exhibits extended faint structures for more than two times
the final coalescence time. This confirms the fact that measur-
ing the merger-feature time of merger remnants strongly depends
On Miimit-

To compare two merger-feature times, we have estimated the
ratio of the merger-feature time to the final coalescence time,
tmr/trc (see Table 3). We note that in contrast to the merger-
feature time based on yjimiy = 25 mag arcsec2, IMF,25, not all
merger-feature times based on imix = 28 mag arcsec™2, IMF.28
could be estimated since faint features survive through the end
of the simulation. Table 3 shows that #yp2s/trc is always lower
than 3. The faint features in all merger simulations disappear by
2.16 + 0.80 times the final coalescence time, or 1.38 + 0.88 Gyr
after the final coalescence, which is comparable to the finding
of Lotz et al. (2008). However, fyrs/trc is approximately two
times greater than t\r»s/#rc and is greater than 3 for all mergers.

We also study how merger scenarios affect #yg/tpc. The re-
laxation timescale of a merger remnant depends not only on or-
bital configurations (Hernandez & Lee 2004) but also on the
density of the merger remnant (Conselice 2006). Therefore,
the relaxation timescales of the inner and outer regions of
merger remnants are different, and the timescales are related
to tmp2s/tec OF tvpos/tec. First, the prograde-prograde merger
takes longer to have its substructures relaxed and thus to hide
post-merger features than the retrograde-prograde merger does.
For example, one can see in Table 3 that the SbSbOp merger
shows a larger value of fyps/trc than the SbSb180p merger
does, that is, 6.22 + 0.62 vs. 5.25 + 0.41, respectivelyl. Second,
mergers having a smaller orbital angular momentum (SbSb45r
and SbSb45e) tend to have shorter merging times (fgc, Col. 4 in
Table 3) and longer merger-feature times (i, Col. 6 in Table 3)
and so result in larger values of #yp/frc (Col. 8 in Table 3) than
the larger-orbital-angular-momentum mergers (SbSb45p+ and
SbSb45h). We can perhaps interpret this as follows. A merger
with low orbital angular momentum (for example, a direct head-
on collision) causes a rapid relaxation in the central region of the
merger remnant. This makes the central region act like a point
source. The outer region of the merger remnant feels looser and
displays merger features for a longer period of time as a result.
The essence of this interpretation is to realize that the merger
timescale is determined by the structure of the central parts of
the merger remnant, whereas the merger feature timescale for
deep imaging conditions is derived from the outskirts. Lastly, the
bulge-to-total mass ratio (B/T) affects the relaxation timescales
of at least the inner regions of the merger remnants. For this rea-
son, all values of #yp s/trc for the SaSb mergers are smaller than
for the SbSb mergers.

1 2

Much of our interpretation is based on the wm;; = 28 mag arcsec™
cases, because ujmic = 25 mag arcsec™> cases usually reveal only the
central regions of mergers which are insufficient to illustrate the whole
merger effects.
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Fig. 9. Same as Fig. 8, but for the SbSb3;45h merger (mass ratio is 3:1).

4.3. Effect of mass ratio

We ran three additional mergers to qualitatively discuss the effect
of mass ratio on the merger-feature time. Figures 9 and 10 show
the mock images of the SbSb3;45h and the SbSbg45h mergers,
respectively. Their evolution is shown at different characteris-
tic times and according to the observational limits of the SDSS
r band. For equal-mass mergers, two long and symmetric tidal
arms are well developed as shown in Fig. 8. Unequal-mass merg-
ers, however, show asymmetric tidal structures (see also Barnes
1992; Springel et al. 2005b; Lotz et al. 2008). As the mass ratio
between two galaxies becomes larger (see Fig. 10), tidal bridges
are unseen and tidal arms are tightly wound.

We investigate the effect of mass ratio on the merger feature
time. The ratio of the merger-feature time to the final coales-
cence time has no clear difference from major mergers (defined
as mass ratios are less than 3:1). For the SbSb345h merger, both
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tmr2s/tec and typ g/ tre are comparable to those of the SbSb45h
merger (see Table 3). On the other hand, although the merger-
feature times of the SbSbe45h merger (i.e., fmr2s and typos)
are greater than those of the SbSb45h merger, both typ2s/trc
and tvpog/tec of the SbSbe45h merger are less than those of
the SbSb45h merger. In essence, unequal-mass mergers show
merger features for a greater amount of time mainly because they
take longer to merge, compared to equal-mass mergers.

Figure 11 shows a reference case of a 10:1 merger. It is in-
teresting to note that this “minor” merger case does not exhibit
merger features clearly even before frc. We are tempted to inter-
pret this in order to suggest that such minor mergers, while they
may be much more abundant than major mergers, may be very
difficult to detect even in deep imaging conditions. Conversely,
most of the merge features in today’s typical surveys may very
well be results of relatively “major” mergers. Confirmation of
this conjecture requires a much more thorough modeling effort.
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It is also hinted in Figs. 8—11 that long symmetric tidal tails
and large loops are found more frequently in major mergers (see,
e.g., Wang et al. 2012). It also seems that the degree of symmetry
scales to the mass ratio between the merging galaxies. It again
requires many more runs filling a possible parameter space to
confirm the statement, but if it is confirmed it would imply that
such features can be used to find and characterize major merger
remnants.

4.4. Effect of tidal force

We also qualitatively examined the effect of tidal force on the
merger-feature time. Figure 12 shows the stellar and gaseous
column density of the SbSb45hC merger at three times the final
coalescence time (fpc = 1.57 Gyr). Stars and gas in low-density
regions of the SbSb45hC merger are stripped off having under-
gone tidal force of a cluster potential. As a result, the stars and
gas are concentrated in the central region which does not happen
in an isolated environment (see Fig. 7).

Figure 13 shows the mock images of the SbSb45hC merger
at twice and three times the final coalescence time and according
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to the observational limits of the SDSS r band. We found that
the merger-feature time of tyimiy = 25 mag arcsec™? for the
SbSb45hC merger (fypos = 2.81 £ 0.17) is comparable to the
SbSb45h merger (tvr2s = 2.99 + 0.20). Shallow mock images
of timir = 25 mag arcsec™2 mainly reveal the central region of
each merger remnant which is less affected by tidal force be-
cause of its high density.

On the other hand, the effect of tidal force on post-merger
features are better examined in deeper images. The merger-
feature time of the SbSb45hC merger based on i jimi
28 magarcsec™? (typag = 2.56 + 0.04) is ~30% smaller than
the SbSb45h merger (fymp2s = 3.57 + 0.30).

4.5. An empirical test on the SDSS database

To test the depth dependence of merger feature lifetime, we
performed a simplistic test using the SDSS database. We used
the images of galaxies that are present both in the stan-
dard SDSS DR7 database and in the SDSS Stripe82 database
(Abazajian et al. 2009). The surface brightness limit of Stripe82
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Fig.13. Same as Fig. 8, but for SbSb45hC merger. We note that the
evolution of the SbSb45hC merger before the final coalescence time is
as the same as the SbSb45h merger.

(27 mag arcsec™? in 7’ band) is roughly 2 mag deeper than that
of DR7 instead of 3 mag which was the difference we made cal-
culations for, and mergers that can be found in SDSS galaxies
are not necessarily equal-mass mergers. Thus, this comparison
is not exactly suited to test our prediction, but it is the easiest test
and at the least can serve as a useful milestone. We performed
visual inspection on a volume-limited sample of 1453 galaxies.
Among early-type galaxies, 59 + 4 and 160 + 14 galaxies were
classified as post-merger galaxies in DR7 and Stripe82, respec-
tively, where the errors are from multiple inspections. While it is
trivial that merger features are more frequent in deeper images,
we are encouraged by the fact that, as was suggested by the sim-
ulations, a larger number of galaxies by approximately a factor
of three were found in Stripe82.

5. Discussion

In this paper, we investigate the merger-feature time of equal-
mass disk mergers using N-body/hydrodynamic simulations. To
cover a realistic range of merger scenarios, we consider differ-
ent orbit types, host galaxy inclinations, and the morphological
properties of the two main galaxies. We ran additional merger
simulations considering different mass ratios and putting the
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mergers in a cluster halo environment to help understand the fea-
tures of equal-mass mergers.

The post-merger signatures of nearly all samples in isola-
tion survived for more than three times the final coalescence
time when we see galaxies with a deep surface brightness limit
of 28 magarcsec™. The lifetime of merger features is shorter
by 30% when mergers happen in a large cluster environment.
So, for random environments, the merger feature lifetime can
be said to be ~3.5 times the final coalescence time. This has
an obvious impact on the galaxy morphology classification, es-
pecially on post-merger remnants. Sheen et al. (2012) recently
found from their deep imaging (timic ~ 28 mag arcsec™?) cam-
paign that a large fraction (~40%) of bulge-dominant galaxies in
massive clusters show major post-merger features. Using a semi-
analytic model of Lee & Yi (2013), Yi et al. (2013) interpreted
it as a result of merger relics from the merging events from the
past halo environments by adopting the merger-feature time es-
timates from the preliminary result of our study.

Even though we found and discussed noticeable differences
in merger-feature time between a variety of proposed merger
scenarios, our sample is still limited. For example, although
equal-mass mergers are influential phenomena that clearly ex-
hibit transitions of galaxy property, they are rare cases in the
universe. Minor mergers are expected to dominate galaxy evo-
lution over major mergers because they occur more frequently
(Kaviraj et al. 2009). However, our reference models suggest
hints that tidal features induced by relatively minor mergers
(e.g., my/m; < 1/6) might be difficult to detect in deep images.

Moreover, mergers of gas-rich galaxies are expected to be
frequent at high redshifts. Without considering gas-rich mergers,
we cannot see the full picture of galaxy evolution. Furthermore,
gas-rich mergers should accompany one of the most important
effects on galaxy growth, namely AGN feedback. Recent studies
have shown that super massive black holes (SMBHs) in the cen-
ters of galaxies are connected to the growth of galaxies. The ve-
locity dispersion of the bulge component is proportional to the
BH mass of the galaxy (Tremaine et al. 2002). This coevolution
of galaxies and SMBHs has been suggested by recent studies;
for example, the correlation between star formation and BH ac-
cretion (Zheng et al. 2009), quasar activity of merging galax-
ies (Sanders et al. 1988; Hopkins et al. 2008; Li et al. 2007;
Sijacki et al. 2009), and the quenching of star formation due to
AGN feedback (Springel et al. 2005b; Di Matteo et al. 2005;
Schawinski et al. 2006, 2007b,a; Sijacki et al. 2007; Dubois
et al. 2010, 2013; Teyssier et al. 2011). For a more realistic and
comprehensive study of merging galaxies we will include the
effects of AGNs in our future studies. However, we think that
the inclusion of AGN feedback would not affect our analysis on
post-merger features much because most of the star formation
induced by mergers is concentrated in the central regions of the
merger remnant while post-merger features are mostly made up
of older pre-existing stars in our simulations (see also Peirani
et al. 2010).

We performed most of the numerical simulations assum-
ing an isolated environment. Galaxy interactions in reality oc-
cur in various environments including galaxy clusters. In ad-
dition to galaxy mergers, there are physical mechanisms that
affect the evolution of galaxies in clusters: ram-pressure strip-
ping (Gunn & Gott 1972), high-speed galaxy encounters (galaxy
“harassment”, Moore et al. 1996), tidal stripping by a cluster
halo potential (Byrd & Valtonen 1990; Valluri 1993), and ther-
mal evaporation of cold gas inside galaxies (Cowie & Songaila
1977). Among these mechanisms, tidal stripping plays a par-
ticularly important role in shaping merger remnants. Although
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we confirmed that the tidal structures of merger remnants are
stripped off rapidly in a cluster potential (e.g., Mihos 2004), we
have not checked the effect of orbital parameters of merger rem-
nants falling into galaxy clusters yet. Therefore, the quantifica-
tion of tpy/trc in various cluster environments should be inves-
tigated in future studies.

Ram-pressure stripping, and other stripping processes, affect
the gas content in galaxies in deep potential wells which will
in turn affect any gas-dependent properties of galaxies, star for-
mation, for example. However, it would not significantly affect
our main predictions of merger-feature times. This is because,
as our simulations suggest, most of the faint merger features
that are easily detected are composed of pre-existing old stars
(which behave following dissipationless processes and angular
momentum conservation) rather than newly formed stars (see,
e.g., Fig. 4 of Peirani et al. 2010). Moreover, we do not expect
that ram-pressure stripping has a significant impact on removing
gas in our model galaxies (M ~ 1.7 x 10'! M, for equal-mass
mergers) because it is thought to be more efficient for lower mass
objects, i.e., M < 6x 10'° My, (Nickerson et al. 2011). We admit
that more robust calculations must ultimately include all impor-
tant physical processes, such as ram-pressure stripping. But for
the focus of this paper at the moment, current calculations should
be sufficiently elaborate.
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