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Tran et al. (2005)Tran et al. (2005)
40 kpc

MS 1054 (z=0.83):MS 1054 (z=0.83):

Evidence for Evidence for redred pairs/mergers in clusterspairs/mergers in clusters



•• CollisionlessCollisionless disk mergersdisk mergers
shells; tidal tailsshells; tidal tails
central phase space density problemcentral phase space density problem

Types of Galaxy Merger SimulationsTypes of Galaxy Merger Simulations

•• Gaseous disk mergersGaseous disk mergers
starburstsstarbursts
origin of fundamental plane?origin of fundamental plane?

•• Spheroid mergersSpheroid mergers
gasgas--poor merging  poor merging  (but (but ∆∆EE** ≠≠ 0)0)
evolution of massive evolution of massive ellipticalsellipticals
major mergers (Rmajor mergers (Ree--LL--σσ --MMbhbh scaling relations)scaling relations)
minor mergers (central properties, black holes) minor mergers (central properties, black holes) 
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Fundamental PlaneFundamental Plane

VirialVirial planeplane

RRee ∝∝ σσ22 II--11

VirialVirial TheoremTheorem
σσ22 ∝∝ MMdyndyn RRee

--11

∝∝ ((MMdyndyn /L) /L) IIee RRee

Tilt Tilt from from virialvirial planeplane
due to due to 
increasing increasing ((MMdyndyn //MM**) ) 
with Mwith M

Initial galaxyInitial galaxy



Fundamental PlaneFundamental Plane

KK--band slopeband slope
RRee ∝∝ σσ1.531.53 II--.79.79

Initial galaxyInitial galaxy

RemergedRemerged
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Fundamental PlaneFundamental Plane

MMdyndyn/M/M **∝∝MM**
0.250.25

Initial galaxyInitial galaxy

RemergedRemerged

Tilt Tilt from from virialvirial plane due to increasing plane due to increasing MMdyndyn//MM**(<R(<Ree) ) with Mwith M
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R R ∝∝ LLαα

xx
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⇒⇒Scaling relations are a function of Scaling relations are a function of energyenergy and and 
angular momentumangular momentum of merger orbit.  of merger orbit.  
⇒⇒Bulge loses Bulge loses less less energy to dark matter halo on a energy to dark matter halo on a 
more more radialradial orbitorbit

BoylanBoylan--KolchinKolchin et al (06)et al (06)
RR--L and sigmaL and sigma--L RelationsL Relations



Merger Merger EnergeticsEnergetics

f f

M f
2

Rf

= f1

M1
2

R1

+ f2

M2
2

R2

+ ( forb + f t )
M1M2

R1 + R2

Energy of  a single stellar bulge:Energy of  a single stellar bulge: E = − f
GM 2

R

For M1 = M2,  forb = f t  = 0  merger,

M f = 2M1,Rf = 2R1

⇒ R∝M

Energy conservation of mergers: Energy conservation of mergers: 



L L ∝∝ σσββ

((MMBHBH∝∝ σσββ))
R R ∝∝ LLαα
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xx

ββ

BoylanBoylan--KolchinKolchin et al (2006)et al (2006)
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RR--L and sigmaL and sigma--L RelationsL Relations

⇒⇒Scaling relations are a function of Scaling relations are a function of energyenergy and and 
angular momentumangular momentum of merger orbit.  of merger orbit.  
⇒⇒Bulge loses Bulge loses less less energy to dark matter halo on a energy to dark matter halo on a 
more more radialradial orbitorbit



Sloan nonSloan non--BCGsBCGs
DesrochesDesroches, , QuataertQuataert, Ma, West , Ma, West 

(astro(astro--ph/0608747)ph/0608747)SDSS DR4 + VAGC catalogSDSS DR4 + VAGC catalog
Cuts:  Cuts:  concentration c > 2.86concentration c > 2.86

SersicSersic index n > 2.5index n > 2.5
color (gcolor (g--r) > 0.7                          r) > 0.7                          

exclude exclude BCGsBCGs (C4 catalog)        (C4 catalog)        ⇒ 79,482 79,482 earlyearly--type nontype non--BCGsBCGs



SDSS: excess sky subtraction issueSDSS: excess sky subtraction issue

SDSS BCGSDSS BCG

Also see http://sdss.org/dr4/help/known.htmlAlso see http://sdss.org/dr4/help/known.html
Lauer et al (2006)  Lauer et al (2006)  BernardiBernardi et al (2006)et al (2006)

SDSS nonSDSS non--BCGBCG

DesrochesDesroches et al (0608474)et al (0608474)



RadiusRadius--Luminosity RelationLuminosity Relation

nonnon--BCGBCG

BCGBCG

DesrochesDesroches et al (0608474)et al (0608474)

BCG+ICLBCG+ICL



SigmaSigma--Luminosity RelationLuminosity Relation

nonnon--BCGBCG

BCGBCG

DesrochesDesroches et al (0608474)et al (0608474)



Sloan nonSloan non--BCGsBCGs

L L ∝∝ σσββ(L)(L)R R ∝∝ LLαα(L)(L)

DesrochesDesroches et al (0608474)et al (0608474)

SDSS DR4 + VAGC catalogSDSS DR4 + VAGC catalog
Cuts:  Cuts:  concentration c > 2.86concentration c > 2.86

SersicSersic index n > 2.5index n > 2.5
color (gcolor (g--r) > 0.7                          r) > 0.7                          

exclude exclude BCGsBCGs (C4 catalog)        (C4 catalog)        ⇒ 79,482 79,482 earlyearly--type nontype non--BCGsBCGs



SummarySummary

Sloan nonSloan non--BCG BCG ellipticalsellipticals ((DesrochesDesroches et al 06)et al 06):   :   
RRe e -- L and L L and L -- σσ relations show systematic relations show systematic steepeningsteepening with L.with L.

⇒ Steeper Steeper MMbhbh-- σσ relation for massive relation for massive ellipticalsellipticals? ? (see also (see also WyitheWyithe) ) 

BCGsBCGs: : 
SteepeningSteepening with L continues with L continues (Lauer et al 2006, (Lauer et al 2006, BernardiBernardi et al 2006)et al 2006)

Photometry issues in SDSS.   IntraPhotometry issues in SDSS.   Intra--cluster light.  cluster light.  
Need deeper understanding of ICL, BGG, rank 2+ galaxies.Need deeper understanding of ICL, BGG, rank 2+ galaxies.

DataData



SummarySummary

RRe e -- L,  L L,  L -- σσ,  ,  MMbhbh-- σσ relations relations ((BoylanBoylan--KolchinKolchin et al 2006)et al 2006)::
SteepenSteepen for massive for massive ellipticalsellipticals formed via formed via gasgas--poor mergerspoor mergers

on more on more radialradial orbits orbits (e.g. along filaments).(e.g. along filaments).

Fundamental plane Fundamental plane ((BoylanBoylan--KolchinKolchin et al 2005)et al 2005)::
Preserved Preserved byby gasgas--poor mergers poor mergers of of ellipticalsellipticals..
Increasing dark matter fraction Increasing dark matter fraction (within R(within Ree)) with L with L 

gives sufficient gives sufficient tilt tilt from from virialvirial plane plane 

SimulationsSimulations

ImplicationsImplications
MMbhbh ~10~101010 MMsunsun out there?out there?
LensingLensing galaxiesgalaxies’’ L L -- σσ ??



Lauer et al (2006)Lauer et al (2006)

““PowerPower--law”law” EllipticalsEllipticals ((dlogdlog I/I/dlogdlog r < r < --0.5):0.5):
less luminous, rotation, less luminous, rotation, diskydisky, , gasgas--richrich merger remnantmerger remnant

“Cored”“Cored” EllipticalsEllipticals ((dlogdlog I/I/dlogdlog r > r > --0.3):0.3):
more luminous, little rotation, boxy, more luminous, little rotation, boxy, gasgas--poorpoor merger remnantmerger remnant

coredcored

coredcored

3D luminosity density profile

powerpower--lawlaw

powerpower--lawlaw

Slope vs Magnitude

e.g. Bender et al (1992)e.g. Bender et al (1992)
EllipticalsEllipticals: cusp : cusp vsvs corecore



Stellar bulgeStellar bulge

ρ∝ρ∝(r/a)(r/a)--11(1+r/a)(1+r/a)--33 ((HernquistHernquist 1990)1990)

MMdmdm = 20 M= 20 M**

Dark matter haloDark matter halo

ρ∝ρ∝(r/r(r/rss))--11(1+r/r(1+r/rss))--22 (NFW 1996)(NFW 1996)

MMdmdm = 10= 101212 MMsunsun ,   c = ,   c = rrvirvir/r/rss = 10= 10

adiabatically contracted initiallyadiabatically contracted initially (Blumenthal et al.1986)(Blumenthal et al.1986)

Black holesBlack holes
MMbhbh = M= M** /500/500

Our Merger Simulations: Our Merger Simulations: 
Initial Galaxy ModelsInitial Galaxy Models



•• Gadget 2:  parallel NGadget 2:  parallel N--body modebody mode

•• NNDM DM = 5= 5××101055,  N,  N* * = 2.5= 2.5××10104 4 ,  ,  εε = 0.1 R= 0.1 Ree

•• For comparison, vary orbital For comparison, vary orbital EE andand L L 
1:1 and 1:3 mergers1:1 and 1:3 mergers

Our Merger Simulations: Our Merger Simulations: 
ParametersParameters
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