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Lecture OutlineLecture Outline

  2.    2.  Theoretical Theoretical merger models:merger models:
                                Extended PSExtended PS
                                Coagulation equation      Coagulation equation

1.1.    Halo merger rate Halo merger rate from Millennium simulationfrom Millennium simulation
                            ““UniversalUniversal”” global rate global rate
                 Environmental dependence                 Environmental dependence

  3.    3.  Mass accretion Mass accretion historyhistory



Merging Spiral GalaxiesMerging Spiral Galaxies



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

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

Evidence for pairs/mergers of Evidence for pairs/mergers of ellipticalsellipticals  in clustersin clusters



 NGC 6240: NGC 6240:

Two Two Supermassive Supermassive Black HolesBlack Holes



                        Particle number: Particle number: 2160216033

                        Particle mass:Particle mass: 8.6 x 10 8.6 x 1088  h  h-1-1  MMsunsun
                        Box size:Box size:     500 h 500 h-1-1  MpcMpc

                            Dark matter halos:Dark matter halos:
                                      ~ 18 million (from z=127 to 0)~ 18 million (from z=127 to 0)
                                      ~ 300,000  with M > 2x10~ 300,000  with M > 2x101212  MMsun  sun    at z=0at z=0

            Halo merger trees:            Halo merger trees:
                   constructed from 46 outputs from z=6.2 to 0                   constructed from 46 outputs from z=6.2 to 0
                   (                   (ΔΔz=0.02 at low z)z=0.02 at low z)

The Millennium SimulationThe Millennium Simulation

Springel Springel et al. (2005)et al. (2005)



Millennium Merger StatisticsMillennium Merger Statistics

1-11-1 binarybinary
mergersmergers

multiplemultiple
progenitorsprogenitors

Fakhouri Fakhouri & Ma (2008)& Ma (2008)





Merger Tree ConstructionMerger Tree Construction

Fakhouri Fakhouri & Ma (2008,2009)& Ma (2008,2009)



ΛΛCDM Merger Rate (z=0)CDM Merger Rate (z=0)

major mergersmajor mergersminorminor

  # of mergers# of mergers  per Gpcper Gpc33  per per redshift redshift per massper mass

Solid: Solid: N-bodyN-body
Dashed:Dashed:    our fitour fit



ΛΛCDM Merger Rate (z=0)CDM Merger Rate (z=0)

major mergersmajor mergersminorminor

  # of mergers# of mergers  per Gpcper Gpc33  per z per z per massper mass
  # of mergers# of mergers  per haloper halo  per per redshiftredshift



# of mergers# of mergers  per haloper halo  per zper z

minor mergerminor merger

major mergermajor merger

Weak Mass DependenceWeak Mass Dependence



WeakWeak Redshift  Redshift DependenceDependence
# of mergers# of mergers  per haloper halo  per zper z

minor mergerminor merger

major mergermajor merger



Redshift Redshift DependenceDependence

# of mergers# of mergers  per haloper halo  per per GyrGyr



 Universal Merger Rate Universal Merger Rate
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Fakhouri Fakhouri & Ma (2008)& Ma (2008)

DescendentDescendent
halo masshalo mass

ProgenitorProgenitor
mass ratiomass ratio

LinearLinear
growthgrowth
factorfactor

αα  ≈≈ 0.08     0.08    ββ  ≈≈ -2  -2         γγ  ≈≈ 0.4 0.4

Mean merger rate Mean merger rate per haloper halo



Halo Mergers Halo Mergers ≠≠ Galaxy Mergers Galaxy Mergers

MMhalohalo    growthgrowth  ≠≠    MM** growth growth

Small galaxies: stellar growth dominated bySmall galaxies: stellar growth dominated by
                              star formationstar formation
Massive galaxies: growth dominated byMassive galaxies: growth dominated by
                              mergers, mergers, with additional mergerwith additional merger
                        physics (e.g.       physics (e.g. dynamical frictiondynamical friction))

(See (See BoylanBoylan--Kolchin Kolchin et al 2008:et al 2008:
                    standard merger timescalestandard merger timescale is too short) is too short)

Guo Guo & White (2008)  Stewart et al (2008)& White (2008)  Stewart et al (2008)
Bundy et al (2008)  Bundy et al (2008)    Hopkins et al (2009)Hopkins et al (2009)



Environmental DependenceEnvironmental Dependence

Fakhouri Fakhouri & Ma (2009a)& Ma (2009a)

voidvoid densedense

Three measures of local densityThree measures of local density



Environmental DependenceEnvironmental Dependence

Fakhouri Fakhouri & Ma (2009a)& Ma (2009a)voidvoid densedense

HigherHigher merger rates in  merger rates in denserdenser  environmentsenvironments



Environmental DependenceEnvironmental Dependence

Fakhouri Fakhouri & Ma (2009b)& Ma (2009b)
voidvoid densedense

In In denserdenser  environments, environments, 
a a higherhigher fraction of  fraction of 
a haloa halo’’s final masss final mass
is gained via major mergers. is gained via major mergers. major merger (major merger (ξξ> 1/3)> 1/3)

““diffusediffuse”” ( (ξξ< 1/40)< 1/40)



Environmental DependenceEnvironmental Dependence

Fakhouri Fakhouri & Ma (2009b)& Ma (2009b)
voidvoid densedense

major merger (major merger (ξξ> 1/3)> 1/3)

““diffusediffuse”” ( (ξξ< 1/40)< 1/40)

In In denserdenser  environments,environments,
a a higherhigher fraction of the fraction of the
mass reservoirmass reservoir surrounding a surrounding a
halo is in halos.halo is in halos.



Environmental DependenceEnvironmental Dependence

Fakhouri Fakhouri & Ma (2009b)& Ma (2009b)voidvoid densedense

Formation Formation redshiftredshift:: older  older halos live inhalos live in denser denser
                                        environmentenvironment (at a give mass) (at a give mass)

clustersclusters

galaxiesgalaxies

Due to mass, not environmentDue to mass, not environment

galaxiesgalaxies

clustersclusters



SummarySummary

WeWe’’ve measuredve measured halo merger rates  halo merger rates from the Millennium simulation.from the Millennium simulation.

The global mean rate of mergers is well fit by a simple universal formThe global mean rate of mergers is well fit by a simple universal form
                                        as a function of as a function of  m m00, ,   mm2 2 /m/m11,,  redshiftredshift
⇒⇒The rate (per unit z) depends weakly onThe rate (per unit z) depends weakly on m m00  andand  redshiftredshift
⇒⇒The rate (per The rate (per GyrGyr) increases as (1+z)^p,   p~2 to 2.3) increases as (1+z)^p,   p~2 to 2.3

Merger rates also depend on halo Merger rates also depend on halo environmentenvironment..
⇒⇒    HigherHigher merger rates in  merger rates in denserdenser regions regions

Halos gain mass by Halos gain mass by mergersmergers and  and ““diffusediffuse”” accretion accretion
⇒⇒    LowerLower accretion rates in  accretion rates in denserdenser regions regions
⇒⇒    HigherHigher formation  formation redshifts redshifts (i.e. (i.e. olderolder halos) in  halos) in denserdenser regions regions


