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Introduction
1. “Merger hypothesis” (Toomre & Toomre 1972)

“Hierarchical structure formation” (White & Rees 1978)

2. Role of merger in galaxy evolution

a. Mass growth, SF,  AGN, ULIRGs, morphology 
(e.g. Di Matteo et al. 2005; Cox et al. 2006, 2008)

b. Observation, numerical simulation 
(e.g. Springel et al. 2005, Gabor & Dave 2012)

3. Extracting observable properties from simulation

a. Population synthesis model with hydrodynamic simulations
 (e.g. Springel et al. 2005, Kaviraj et al. 2009, etc.)

b. Dust extinction (e.g. Calzetti et al 2000)
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Motivation
The Astrophysical Journal Supplement Series, 200:1 (16pp), 2012 ??? Sheen et al.

Figure 5. Galaxy examples along the classification scheme. The first two columns show post-merger (PM) galaxy examples and the examples of interacting galaxies
(I), and pair (P), and faint companions (FCs) are presented in the following columns.

Figure 6. Fractions of post-merger galaxies are plotted along the absolute
magnitudes. The numbers beside the points indicate the count of the PM galaxies
used to derive the fractions. Although there is a large spread according to the
small values for the bright galaxies, the overall tendency is consistent between
all four target clusters. This figure shows that post-merger features are more
common as red-sequence galaxies become brighter in a cluster environment.

galaxies were found among the bright red-sequence galaxies
of A119. This may have been affected by the relatively small
sky coverage of A119 (!0.6 R200) by the MOSAIC 2 deep
images. Because galaxy interactions would be more plausible
at cluster outskirts, it is possible that we missed some galaxies
out of the FOV. Another possible reason is that A119 is the
smallest galaxy cluster among our target clusters and therefore
includes fewer bright galaxies. The derived size and mass of the
clusters are presented in Table 4. If we assume that the fraction
of interacting galaxies within 0.5 R200 of A119 may be similar
to the value for A3330 (!3%), which is the second smallest
galaxy cluster among the clusters, we expect only !1 galaxies
within the area. Therefore, there is a very low chance to find the
bright interacting galaxies in the given FOV of the A119 data.

The fractions of post-merger (PM) galaxies are plotted along
the absolute magnitudes in Figure 6. The numbers beside the
data points indicate the counts of PM galaxies used to derive
the fractions. Although there is a large spread according to

the small values for the bright galaxies, the overall tendency is
consistent between all four target clusters. This figure shows that
post-merger features are more common in bright red-sequence
galaxies in a cluster environment.

Samples of the selected post-merger galaxies are presented
in Figure 7. In this figure, the first column of each galaxy image
set is a pseudo-color image generated with u"g"r " deep images.
The second column is an r "-band surface brightness map of
the galaxy revealing faint features which do not appear in the
pseudo-color images due to the luminous galactic centers.

In fact, the BCGs in all four target clusters revealed extended
Q1faint features or multiple nuclei in our deep images. We present

four BCGs separately in Figure 8 with their r "-band deep image
and the surface brightness contours. The inset images show the
center of the BCGs indicated by the rectangle boxes. A119,
A2670, and A3330 BCGs showed faint structures in their halos.
In addition to that, A3330 and A389 BCGs revealed multiple
cores in their centers. This implies that even the BCGs continued
violent galaxy mergers until the recent epoch.

We provide a catalog of the post-merger galaxies in Table 6
with their observational properties.

6. MORPHOLOGICAL EXAMINATION

6.1. Bulge-to-total Ratios and Residual Images

Galaxy bulge-to-total ratios (B/T) were measured for the
spectroscopic members of the galaxy clusters. Ratios are derived
from the radial surface brightness profiles of the galaxies, as
measured by the ellipse task in IRAF. Because the cores
of bright galaxies are usually saturated in the deep images,
we merged the two profiles from the shallow image and the
deep image for the central part and the outer part of a galaxy,
respectively. The conjunction is made at the radius where both
profiles show the same surface brightness.

We found the best fits of the galaxy profiles to the composite
galaxy model of the de Vaucouleurs profile (Sérsic index, n =
4) and the exponential profile. The galaxy surface brightness
model can be expressed as

I (R) = Ie exp(c # ((R/Re)1/4 $ 1)) + Id exp($R/Rd ). (5)

Here, Re is the effective radius of the de Vaucouleurs profile and
Ie is the surface brightness at Re. The constant, c, is set as a free
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Introduction

1. Most of massive galaxies undergo another merger 
within a few Gyr (Stewart et al. 2008). 

2. They should be an on-going merger or a merger 
remnants (Lotz et al 2006).

3. A portion of the red early-type galaxies with disturbed 
features: ≳ 40% among the cluster galaxies 
(Sheen et al. 2012).

Therefore, it is important to examine time evolution of 
merger remnants. 

1. Structure of merger remnants

2. Star formation and observable properties(magnitudes, colors) of 
merger remnants

Goals of this study



Methodology
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Numerical simulation 
1.GADGET2 N-body/hydrodynamics code (Springel 2005)

2.Baryonic physics

a. Gas cooling (Sutherland & Dopita 1993)

b.Star formation (Katz et al. 1996)

c. Supernova feedback (Peirani et al. 2009)

3.Supported by National Supercomputing Center
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galaxy
spin plane

inclination, i

Toomre & Toomre, 1972

orbital plane

Initial condition
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Sa Sb
Total mass 1.7x 1011 M⨀ 1.7 1011 M⨀

fDM 84% 84%

fstars 15.2% 12.5%

fgas 0.8% 3.5%

B/T 0.4 0.2

Rd 2.58 kpc 3.29 kpc

N 770,000 860,000

1. Model galaxies
; Sa/Sb type

2. Orbits

a. Parabolic, elliptical, and 
hyperbolic

b. inclination = 0° - 180° 
(30° increment )

3. Variations

a. Host galaxy 

b. Pericentric distance

Methodology



Stellar + gas 
column density 

Observable properties

Ray-tracing
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1.Population synthesis model
 ; Bruzual & Chalot (2003)

2.Dust attenuation 
; Calzetti et al. 2000

3.SDSS ugriz filters

Methodology

Composite image



Definition of timescales
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1. FP - First (perigee) Passage

2. MS - Maximum Separation

3. FC - Final Coalescence

4. TS - Termination of Starburst
   ; SFRMerger = SFRIsolation 

5. MF - Merger-Feature time
   a. No disturbed features (visual inspection)
   b. μr ~ 25 and 28 mag arcsec-2 (MF25, MF28)

FP

FC

MF

MS



Definition of timescales

10
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Definition of timescales
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2. MS - Maximum Separation
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3. FC - Final Coalescence 
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MF

<FPFP

MS
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Definition of timescales
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3. TS - Termination of Starburst
   ; SFRMerger = SFRIsolation FP

FC

MF

<FP

SFRMerger 

SFRIsolation

TS
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MS



Definition of timescales
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4. MF - Merger-Feature time
   a. No disturbed features (visual inspection)
   b. μr ~ 25 and 28 mag arcsec-2 (MF25, MF28)
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MF

<FPFP
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MS
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Testing star formation
Methodology
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Properties of merger remnants
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Davies et al. 1983

Kinematic structure
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Kinematic structure
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All simulated merger remnants

Time

Davies et al. 1983

FC - TS
TS - MF
MF - 



Star formation rates & u-r
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Result

Red
Blue

u-r = 2.2 (Strateva et al. 2001)



Star formation rates & u-r
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Result

Prograde Retrograde low High

1. inclination of host galaxy 2. orbital angular momentum

0 kpcRperi = 10 kpc



Merger Feature timescale
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Courtesy of Y.K. Sheen

Abell 2670 (z~0.076)

by SDSS 

by CTIO r’

Result

μ = 25 mag arcsec-2

μ = 28 mag arcsec-2



Merger Feature timescale
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Result

tMF25 / tFC tMF28 / tFC

~ 2 ± 0.3 ~ 5 ± 0.4

Time↑

Shallow

Deep



MF28 and merger relics 
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Result

Yi et al. 2013

Sheen et al. 2012



Merger sequence in cluster potential
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In isolated system Inside cluster halo (Virgo-like)

tFC

2tFC

3tFC



Summary and Conclusion
1. SFR and color evolves spontaneously; however, apparent color during 

starburst does not clearly show the coevolution due to dust attenuation.

2. The merger-feature timescale measured by deeper imaging is longer.  With this 
timescale, it is able to explain demography of early-type in clusters of galaxies.
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1. Expansion of parameter space

2. Submission to ApJ (July, 2013)

Future work



Thank you
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