Astronomy
&
Astrophysics

A&A 554, A122 (2013)
DOI: 10.1051/0004-6361/201321369
c ESO 2013


Merger relics of cluster galaxies
(Research Note)
S. K. Yi1 , J. Lee1 , I. Jung1 , I. Ji1 , and Y.-K. Sheen2
1

Department of Astronomy and Yonsei University Observatory, Yonsei University, 120-749 Seoul, Republic of Korea
e-mail: yi@yonsei.ac.kr
2
Departamento de Astronomía, Universidad de Concepción, Casilla 160-C, Concepción, Chile
Received 27 February 2013 / Accepted 16 May 2013
ABSTRACT

Context. Sheen and collaborators recently found that a surprisingly large portion (38%) of massive early-type galaxies in heavy
clusters show strong merger-related disturbed features. This contradicts the general understanding that massive clusters are hostile
environments for galaxy mergers. Considering the significance of mergers in galaxy evolution, it is important to understand this.
Aims. We aim to present a theoretical foundation that explains galaxy mergers in massive clusters.
Methods. We used the N-body simulation technique to perform a cosmological-volume simulation and derive dark-halo merger trees.
Then, we used the semi-analytic modeling technique to populate each halo with galaxies. We ran hydrodynamic simulations of galaxy
mergers to estimate the lifetime of merger features for the imaging condition used by Sheen and collaborators. We applied this merger
feature lifetime to our semi-analytic models. Finally, we counted the massive early-type galaxies in heavy model clusters that would
show strong merger features.
Results. While there still are substantial uncertainties, our preliminary results are remarkably close to the observed fraction of galaxies
with merger features. Key ingredients for the success are twofold: firstly, the subhalo motion in dark haloes has been accurately traced,
and, second, the lifetime of merger features has been properly estimated. As a result, merger features are expected to last very long in
cluster environments. Many massive early-type galaxies in heavy clusters therefore show merger features not because they experience
mergers in the current clusters in situ, but because they still carry their merger features from their previous halo environments.
Conclusions. Investigating the merger relics of cluster galaxies is potentially important, because it uniquely allows us to backtrack
the halo merger history.
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1. Introduction
A significant progress has recently been made toward a concordant picture of how our universe has achieved its current shape.
One of the remaining big questions is the origin of massive
galaxies. The current paradigm suggests that they are the result
of numerous mergers between smaller galaxies (e.g., White &
Rees 1978; Cole et al. 2000). When the masses of two colliding
galaxies are similar, such major mergers often result in a young
starburst that easily outshines the underlying majority of old
stellar populations (Lawrence et al. 1989) and sometimes even
changes the morphology of galaxies (e.g., Arp 1966; Toomre
& Toomre 1972). In this respect, understanding the frequency
of mergers and their impact on galaxy evolution is the key to
an accurate reconstruction of the apparently complex history of
massive galaxy formation.
Mergers between galaxies are expected to be much more frequent in low-density regions of the universe (Ostriker 1980).
This might appear counter-intuitive, but one can demonstrate
this using advanced calculus (Binney & Tremaine 1987). The
essence of this prediction is that the spatial motion of galaxies is faster in a more massive halo, and mergers are less likely
when relative speeds are higher. In these high-velocity environments, fly-by interactions are possible, but very unlikely to lead
to galaxy mergers (Binney & Tremaine 1987).
A challenge to this standard expectation was raised by
the recent work of Sheen et al. (2012). These authors
used the Cerro-Tololo-Inter-American Observatory 4-m Blanco

Telescope to achieve μr = 28 mag arcsec−2 images of four
massive galaxy clusters at z ∼ 0.1. The unusually deep optical images revealed that a large portion (38%) of red early-type
galaxies showed strong merger features (tidal tails, shells, etc.).
To everyone’s surprise, the merger-featured galaxy fraction is
almost similar to what was found earlier in low-density field
environments, 49% (van Dokkum 2005).
We propose to explain this enigma using the concept of
merger relics. The theoretical expectation based on the merger
probability as a function of halo size discussed above has an important caveat: cluster halos were assumed frozen, while they are
in reality alive. A cluster halo grows in size and mass with time
as more galaxies fall into it. Furthermore, the galaxies falling in
may have been part of another halo with multiple galaxies rather
than being isolated. Therefore, it is important to first follow the
halo merger history back in time and also determine whether the
galaxies falling in have already completed their merging process that had started in the previous halo environment. This is a
complicated task and calls for more elaborate calculations.

2. Model construction
A realistic reconstruction of the history of a cluster is challenging but possible using modern tools that are widely available.
In the first step, we ran a cosmological-volume simulation with
dark matter particles using the Gadget-2 code (Springel 2005),
assuming the WMAP-7 LCDM cosmology (Jarosik et al. 2011).
The size of the cube was roughly 300 million lightyears on one
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Table 1. Parameters of the cosmological simulation.
Parameter
Ωm
ΩΛ
σ8
ns
H0
Lbox
npart
mpart

nout

Description
Value
Current matter density
0.266
Cosmological constant
0.734
Initial power spectrum
0.801
Spectral index
0.963
Hubble constant (km s−1 Mpc−1 )
71.0
Boxsize (h−1 Mpc)
70
Number of particles
5123
Particle mass (h−1 M )
1.9 × 108
Softening length (h−1 kpc)
2.136
Number of outputs
95 (z = 12 to z = 0)

8

side and the dark matter particle mass was 10 M . Then we
traced all virialized halos using the AdaptaHOP halo-finder program (Aubert et al. 2004; Tweed et al. 2009), and built halo
merger trees. By doing this, we constructed full merger histories of all individual halos more massive than 1010 M . The basic information on the cosmological simulation runs is listed in
Table 1.
Owing to poor mass resolution even in current simulations and technical challenges regarding halo-finding schemes,
subhalos are often lost near the primary halo center where the
background density can be higher than the densities inside the
subhalos. For this reason, subhalos tagged as having merged
sometimes reappear out of nothing in the halo outskirt (Onions
et al. 2012). We attempted to fix this problem by keeping subhalos alive until they indeed fall into the host halo center. A
short time before a subhalo was lost in the high-density region
in the host halo, we started calculating its subsequent trajectory
and lifetime using analytic formulae (Binney & Tremaine 1987;
Jiang et al. 2008). This traces subhalos for longer than is possible
with the halo finder we used and eﬀectively lengthens the subhalo lifetime, roughly by a factor of two. The merging timescale
between the host and subhalos in our simulation peaks around
1.3 billion years with a smooth lognormal distribution. The overall uncertainty in the merger rates derived this way is probably
constrained within a factor of two (Hopkins et al. 2010).
In the second step, we constructed semi-analytic models of
galaxies (e.g., Kauﬀmann et al. 1993; Baugh 2006; Somerville
et al. 2008) based on the halo merger trees derived in the first
step. These models allowed us to predict the number of galaxies of diﬀerent types and properties that populate each halo. For
most of the key ingredients, such as star formation, supernova,
and active galactic nucleus feedback eﬃciencies, we used up-todate parameters (Lee & Yi 2013). For the environmental eﬀects
on the gas content in galaxies, we simply assumed that the distribution of hot gas follows a singular isothermal profile in halos.
The hot gas components beyond a radius within which matter
is considered to be gravitationally bound to subhalos are tidally
stripped (see Kimm et al. 2011, for details). The amount of hot
gas stripped by ram pressure was calculated in a similar manner. We computed a radius beyond which ram pressure can blow
away hot gas components in subhalos into their host halos by
adopting the prescriptions in McCarthy et al. (2008) and Font
et al. (2008). Figure 1 shows an example of the orbital journey
of a galaxy that encountered a major merger at z = 0.3 and still
shows its merger features at z = 0.
Semi-analytic models provide a statistically large number of
clusters and their constituent galaxies, but have no spatial information within each galaxy and hence are unsuited for investigating surface brightness profiles or tidal features. Hence an extra
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Fig. 1. Example of the orbital evolution of a galaxy assumed to have
merger features up to z = 0 with respect to the center of a cluster in
a comoving space. The solid and dotted lines show the tracks of the
galaxy with a merger feature and its merger counterpart, respectively.
The galaxy undergoes a major merger at z = 0.3 and enters the virial
radius of the cluster at z = 0.1. The black cross indicates the center of
the cluster and the orange dashed circle shows the virial radius of the
host halo at z = 0. The mass of the galaxy at z = 0.3 is 1.4 × 1010 M
and the mass of the merger counterpart is 1.0 × 1010 M .

step is necessary. The third step is to estimate the lifetime of the
merger features when a merger takes place. To quantify this, we
performed hydrodynamic simulations of galaxy-galaxy mergers
in an isolated environment; we used the GADGET-2 code with
additional prescriptions including cooling of gas, star formation,
and stellar feedback from type Ia and II supernovae (Peirani et al.
2009, 2010). The galaxies in this study are modeled to represent the features (bulge-to-total ratio, gas mass fraction, and disk
scale length) of Sa and Sb types. The total mass of each galaxy
is 1.7 × 1010 M .
The distribution of gas and disk particles follows an exponential surface density while the distribution of dark matter (DM) and bulge particles follows the Hernquist profile
(Hernquist 1990). We adopted the concentration parameter of
C = 14 following Dolag et al. (2004) and the disk scale length of
each galaxy from Graham & Worley (2008). The particle masses
are M(DM) = 4 × 105 M , M(disk) = M(gas) = 5 × 104 M ,
and M(bulge) = 1.5 × 105 M for dark matter, disk, gas, and
bulge, respectively. We used a gravitational softening length of
0.1 kpc for dark matter and bulge particles, and 0.2 kpc for disk
and gas particles. The details of the galaxy properties used in the
simulations are given in Table 2.
Radiative gas-cooling is based on the tabular function
(Thomas & Couchman 1992; Sutherland & Dopita 1993). We
did not consider chemical evolution in the merger simulation
but assumed all stars to have solar metallicity. For simplicity we
explored only equal-mass mergers but considered various morphological combinations (between Sa and Sb types) and merger
geometries (three orbital types and three merging angles). More
detailed information on the simulations is provided elsewhere (Ji
2012) and will be available in the forthcoming companion paper
(Ji et al., in prep.).
The hydrodynamic simulation does not only trace old stars,
but allows new star formation as well which has to be traced with
particular caution. To perform ray-tracing, 2D regular Cartesian
grids were constructed using the position of each particle. We
convolved the stellar mass and age information of each stellar particle with the spectral energy distribution of Bruzual &
Charlot (2003) to derive the light properties of model galaxies. To calculate the amount of dust extinction from hydrogen
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Fig. 2. Mock images of an equal-mass merger
between Sa and Sb galaxies, merging perpendicular to each other in a parabolic orbit (impact parameter 40 Kpc, pericentric
distance 5 Kpc). Each row exhibits notable
merger events in time sequence: i.e., before
first perigee (FP) pass, first perigee pass, final coalescence (FC), 2 × FC, and 3 × FC,
from left to right. The colour scheme represents surface brightness in the SDSS r band.
Top and bottom rows show the mock images in two diﬀerent observing conditions, that
is, μr = 25 mag arcsec−2 (top) and μr =
28 mag arcsec−2 (bottom). The deep mock images (bottom) correspond to the depth of the
Sheen et al. observation.
Table 2. Initial galaxy parameters for the merger simulations.
Description
Mvir
fgas
fbulge
fgas
B/T
λ
Rd
b
z0
Ntotal
Nhalo
Ndisk
Nbulge
Ngas

Virial mass (M )
Disk mass fraction
Bulge mass fraction
Gas mass fraction
Bulge-to-total-mass ratio
Disk spin parameter
Disk scale length (kpc)
Bulge scale length (kpc)
Disk scale height (kpc)
Total number of particles
Number of halo particles
Number of disk particles
Number of bulge particles
Number of gas particles

Sa

Sb

1.70 × 1011
0.095
0.063
0.008
0.4
0.05
2.58
0.52
0.52
775 009
353 142
322 050
71 567
28 250

1.70 × 1011
0.107
0.027
0.033
0.2
0.05
3.29
0.66
0.66
857 875
353 142
361 600
30 133
113 000

column density, we applied the empirical fitting formula from
Bohlin, Savage & Drake (1978) and the extinction formula of
Calzetti et al. (2000) to the distribution of the gas and stellar particles in the simulations. The dust-to-gas ratios associated with metal abundances in their studies are close to those
of Milky Way (Alton et al. 1998; Davies et al. 1999). Then,
we synthesized mock images by using the same filters as in the
observations of Sheen et al. (2012).
Merger features in these synthetic images are spectacular and
long-lasting. This is particularly dramatic when a faint limiting
magnitude as achieved by Sheen et al. is used. Merger features
are apparent soon after the first perigee pass and last until the end
of our simulation run (4.5 billion years) in many cases (Fig. 2).
Merger features last roughly three times the coalescence time
which is defined as the time required for the distance between
the centers of the two galaxies to become zero. For a shallower
surface brightness limit, the ratio of merger feature time to coalescence time, tm /tc , becomes lower. This is why merger features
were diﬃcult to detect in shallow surveys in the past.
In reality, the lifetime of the merger features in the real universe is probably a more complex matter. Galaxy mergers occur between all morphological types and mass ratios, to begin
with. The merging timescale is shortest for equal-mass mergers and thus our estimate for the merger feature time is likely a
lower limit. On the other hand, mergers taking place in a cluster
halo potential, as opposed to an isolated environment as in our
simulation, may lose their merger features at diﬀerent (probably
shorter) timescales (Mihos 2004). The lifetime of merger features depends on the orbital geometry between merging galaxies,
too. The features induced by merging on coplanar orbits were in

general visible for longer (Ji 2012). The details will be presented
in a separate paper (Ji et al., in prep.). A full theoretical understanding will require an extensive simulation exercise filling a
large parameter space. Until then, we chose the constraint from
our calculations; that is, tm /tc = 3. Recalling that subhalos merge
with host halos roughly at a timescale of 1.3 Gyr in our cosmological volume simulation, the merger features are typically visible for 3.9 Gyr given an image depth of μr = 28 mag arcsec−2 .
This visibility time is calculated for each galaxy based on its
unique merger history.

3. Fraction of galaxies with merger features
As a function of time, we counted bulge-dominant earlytype galaxies that had a major merger in the last about
3.9 billion years, where we define major mergers as those with
galaxy (stars+cold gas) mass ratio of 3 to 10 or higher. We examined only massive galaxies of stellar mass greater than 1010 M
to be consistent with the Sheen et al. observation. Galaxy morphology is classified based on a bulge-to-total stellar mass ratio,
B/T . Galaxies with B/T > 0.4 were classified as early-types following Somerville & Primack (1999). Galaxy mergers play an
important role in morphological evolution. In our model, mergers in general contribute to the growth or formation of bulges.
Most notably, it is assumed that major mergers can dramatically
change the galaxy morphology by disrupting disk structures.
The end result is presented in Fig. 3. We inspected the
28 largest galaxy clusters in our simulation volume whose mass
ranges M(halo) = 1014 through 5.6×1014 M . Note in this figure
that the fraction of massive early-type galaxies that are expected
to show merger features solely from the merger relic process (ordinate) is remarkably high, roughly 35% at z = 0.1, surprisingly
close to Sheen et al.’s observation. It was even higher in the past
because major mergers were more frequent in the past when halos were smaller. The merger relic fraction is much higher for
early-type galaxies than for late-type galaxies because we assumed that a falling galaxy merges into the central galaxy of the
host halo, and the central galaxy is more likely to be early type.

4. Discussion and prospects
While the level of agreement is good, there still are many sources
of uncertainties. For one, it is subjective to find galaxies with major merger features, and so the merger fractions measured from
observations and models are both uncertain, perhaps by a factor
of two. Furthermore, this investigation does not include harassment due to the cluster potential. While harassment is thought to
be more eﬀective on small late-type galaxies (Moore et al. 1996),
A122, page 3 of 4
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based on hydrodynamic simulations of galaxy mergers, specifically for
the target imaging depth of μr = 28 mag arcsec−2 . Then, we count massive early-type galaxies that still show their merger features since their
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it may have some impact on massive early-type galaxies as well.
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say that the merger relic fraction from our calculation (∼35%)
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techniques to reach this explanation. In-situ mergers may indeed be rare in heavy clusters where peculiar speeds are high.
Yet, many massive early-type galaxies in heavy clusters exhibit
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their past.
We have learned from this exercise that correct interpretation
of galaxy properties therefore requires a realistic understanding
on their past environmental history in the first place. Conversely,
investigating the properties and positions of merger-featured
galaxies in a large number of clusters may even be used to reveal
the past history of the clusters. On the numerical simulation side,
a direct high-resolution simulation, probably adopting zoomin technique, may soon replace this semi-analytic approach we
present in this paper.
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