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GADGETII

Dark halos grew via mergers

Intae Jung
now at UT Austin



So did galaxies, especially in the early universe.

Merger tree from Marulli et al. (2009)



typical spiral: 8.28x1010MSUN

Mergers affect morphology
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Most massive galaxies 11.5 < log Ms < 12.0

a

Age of the Universe

Merger accretion dominates stellar mass 
growth in massive galaxies.

         Lee & Yi 2013, ApJ, 766, 388

Jay Lee



Roles of mergers in galaxy evolution critical.



Long exposures reveal mergers (Kaviraj et al. 2010)

SDSS short exp

SDSS long exp



~50% of field bulge-dominant 
galaxies show merger features 

in deep (μ=28) images
(van Dokkum 2005).

Early-type Galaxy Mergers



Yun-Kyeong Sheen
now at Concepcion

  Sheen et al. 2012,  ApJS, 202, 8

Deep Imaging of Galaxy Clusters



Textbooks say
mergers should be rare in clusters!



Chandrasekhar merger timescale (Lacey & Cole 1993)

For given m_sat, 
Chandrasekhar merger time scales with m_host 

tmerge

mhost

for fixed msat 

Merger timescale in “Frozen halo” model 

 In a large halo, galaxy merger is highly unlikely!



A3330

2 Mpc

First campaign: Clusters at z~0.1

• FOV covers Rvirial

A389    Rvirial = 2.3 Mpc

A3330  Rvirial = 1.9 Mpc

A2670  Rvirial = 1.6 Mpc

A119    Rvirial = 1.0 Mpc

• Rvir ~ CTIO Blanco 4m MOSAIC 
FOV (36‘x36’)

• All with deep GALEX images
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Optical Imaging

Optical 
Spectroscopy
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CTIO Blanco 4m Deep Imaging

•μr ~ 28 mag/arcsec2 



Hydra Spectroscopic Survey

Abell 3330 (     : Targets, + : Members )

• 200~250 galaxies (r < 19) were 
observed for each galaxy 
cluster



Hydra Spectroscopic Survey



Post-mergers and Interacting Systems in A3330



Merger Signatures in Red-sequences 
composite        r
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Table 5.2. Comparisons between cluster and field

Class Cluster Fielda

PM 25 ± 3% 35%

Redb I 5 ± 1% 18%

Total 30 ± 4% 53%

PM 38 ± 5% 49%

Bulge-dominatedc I 4 ± 1% 21%

Total 42 ± 6% 70%

aThe fractions for the field environment were

adopted from van Dokkum (2005).

bFractions for the cluster are derived with the

RSsp galaxies in this paper, while the field red

galaxies are denoted with B −R colors.
cFractions with only bulge-dominated galax-

ies among the red galaxies. For the cluster,

galaxies with B/T > 0.4 are included while vi-

sually classified E/S0 galaxies are considered for

the field.
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a van Dokkum 2005

High post-merger fraction
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Cf. 
A. Ferguson’s June Paris talk: 10-20% on ETGs (CFHTLS)

  Sheen et al. 2012,  ApJS, 202, 8



Deep imaging campaign continued:
16 clusters using Magellan and CFHT

(e.g. A3574)

Seulhee Oh











Merger relics!

• build halo merger history from DM simulations

• semi-analytic tracking of subhalos in dense regions 
(Binney & Tremaine GD; Jiang et al. 2008)

• build model galaxies using SAM

• estimate “post-merger feature time” from galaxy 
merger simulations

• calculate the number of merger relics showing post-
merger features in each halo

Yi et al. 2013, A&A, 554, A122
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First Passage

Final Coalescence

Post Merger
~ 3 FC

FP FC PM< FP FP - FC

SbSa90para

FC - PM

Inchan Ji

Post-merger feature time

equal-mass disc+disc merger

equal-mass



Post-merger features

28
Courtesy of Y.K. Sheen

Abell 2670 
(z~0.076)

SDSS 

CTIO r’

25 mag arcsec-2
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u g r i z
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Ji, Peirani, Yi 2013, ApJ, submitted
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Subhaloes with a resident galaxy with PM feature
red: bulge-dominant
blue: disc





Cf. Mihos (2004), Fujita (2004)



Merger Relic Fraction

tPM feature=2-4 tmerge (fiducial 3) 

bulges

total

discs

z~0.1
clusters

discs show 
merger features 
less frequently 

(Cf. A.Ferguson)



Summary

• galaxy mergers

- found to be frequent in real clusters

- some may be merger relics from previous halo environments

• Having realistic information on halo assembly history is critical to 
understanding the galaxy evolution

• cluster deep imaging campaign (CTIO/Magellan/CFHT)

• related issues (BOE, DMR)

• caveats

- merger feature, mass ratio determination subjective

- satellite-satellite mergers (zoom-in simulations)

- baryon effects on halo merger tree 

- post-merger feature time (larger parameter space to explore)




