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• -2.3 < [Fe/H] < 0.0
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Globular Cluster Properties
• M~104-106 Msun

• rh~3 pc
• single age ~ 10-13 Gyr
• -2.3 < [Fe/H] < 0.0
• Simple stellar populations

 Tracers of early, major epochs of star formation (z > 3) 

Why study Globular Cluster Systems?
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Globular clusters and satellite galaxies 565

Figure 1. The high-redshift and present-day mass distribution in a region
that forms a single galaxy in a hierarchical CDM Universe. The upper panel
shows the density distribution at a redshift z = 12 from a region that will form
a single galaxy at z = 0 (lower panel). The blue–pink colour scale shows
the density of dark matter whilst the green regions show the particles from
protogalaxies with virial temperature above 104 K that have collapsed at this
epoch. These peaks have masses in the range 108–1010 M!. The lower panel
shows same mass distribution at z = 0. Most of the rare peaks are located
towards the centre of the galaxy today. The squares in both panels indicate
those first objects that survive the merging process and can be associated
with the visible satellite galaxies today orbiting within the final galactic
mass halo. Most of the subhaloes stay dark since they collapse later after
reionization has increased the Jeans mass.

is rapid and local metal enrichment occurs from stellar evolution.
Metal-poor Population II stars form in large numbers in haloes above
M H " 108 [(1 + z)/10]#3/2 M! (virial temperature 104 K), where
gas can cool efficiently and fragment via excitation of hydrogen
Ly!. At z > 12, these correspond to >2.5" peaks of the initial
Gaussian overdensity field: most of this material ends up within
the inner few kpc of the Galaxy. Within the "1 Mpc turn-around
region, a few hundred such protogalaxies are assembling their
stellar systems (Kravtsov & Gnedin 2005). Typically 95 per cent
of these first structures merge together within a time-scale of

a few Gyr, creating the inner Galactic dark halo and its associated
old stellar population.

With an efficiency of turning baryons into stars and globular clus-
ters of the order of f $ = 10 per cent, we successfully reproduce
the total luminosity of the old halo population and the old dwarf
spheroidal satellites. The fraction of baryons in dark matter haloes
above the atomic cooling mass at z = 12 exceeds f c = 1 per cent. A
normal stellar population with a Salpeter-type initial mass function
emits about 4000 hydrogen-ionizing photons per stellar baryon. A
star formation efficiency of 10 per cent therefore implies the emis-
sion of 4 000 % f $ % f c & a few Lyman-continuum photons per
baryon in the Universe. This may be enough to photoionize and
drive to a higher adiabatic vast portion of the intergalactic medium,
thereby quenching gas accretion and star formation in nearby low-
mass haloes.

3 C O N N E C T I O N TO G L O BU L A R C L U S T E R S
A N D H A L O S TA R S

The globular clusters that were once within the merging protogalax-
ies are so dense that they survive intact and will orbit freely within
the Galaxy. The surviving protogalaxies may be the precursors of
the old satellite galaxies, some of which host old globular clusters
such as Fornax, whose morphology and stellar populations are de-
termined by ongoing gravitational and hydrodynamical interactions
with the Milky Way (e.g. Mayer et al. 2005).

Recent papers have attempted to address the origin of the spatial
distribution of globular clusters (e.g. Parmentier & Grebel 2005;
Parmentier & Gilmore 2005). Most compelling for this model and
one of the key results in this paper is that we naturally reproduce the
spatial clustering of each of these old components of the galaxy. The
radial distribution of material that formed from >2.5" peaks at z >

12 now falls off as #(r ) ' r#3.5 within the Galactic halo – just as the
observed old halo stars and metal-poor globular clusters (cf. Fig. 2).
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Figure 2. The radial distribution of old stellar systems compared with rare
peaks within a z = 0 $CDM galaxy. The thick blue curve is the total mass
distribution today. The labelled green curves show the present-day distribu-
tion of material that collapsed into 1, 2, 2.5, 3 and 3.5" peaks at a redshift z =
12. The circles show the observed spatial distribution of the Milky Way’s old
metal-poor globular cluster system. The dashed line indicates a power law
#(r ) ' r#3.5 which represents the old halo stellar population. The squares
show the radial distribution of surviving 2.5" peaks which are slightly more
extended than the overall Navarro–Frenk–White-like mass distribution, in
good agreement with the observed spatial distribution of the Milky Way’s
satellites.

C( 2006 The Authors. Journal compilation C( 2006 RAS, MNRAS 368, 563–570

Moore et al (2006)
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• Form in early collapsing dark matter halos
• Visible tracers of mass assembly on galaxy 
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with the Milky Way (e.g. Mayer et al. 2005).

Recent papers have attempted to address the origin of the spatial
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one of the key results in this paper is that we naturally reproduce the
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Figure 2. The radial distribution of old stellar systems compared with rare
peaks within a z = 0 $CDM galaxy. The thick blue curve is the total mass
distribution today. The labelled green curves show the present-day distribu-
tion of material that collapsed into 1, 2, 2.5, 3 and 3.5" peaks at a redshift z =
12. The circles show the observed spatial distribution of the Milky Way’s old
metal-poor globular cluster system. The dashed line indicates a power law
#(r ) ' r#3.5 which represents the old halo stellar population. The squares
show the radial distribution of surviving 2.5" peaks which are slightly more
extended than the overall Navarro–Frenk–White-like mass distribution, in
good agreement with the observed spatial distribution of the Milky Way’s
satellites.

C( 2006 The Authors. Journal compilation C( 2006 RAS, MNRAS 368, 563–570

Moore et al (2006)
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• 16 control fields for GC 
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survey in g and z

• 100 early-type galaxies
• -22 < MB < -15, giants to 

dwarfs
• Depth: 90% of GC 

population
• 16 control fields for GC 

identification and 
background subtraction

A homogeneous survey across the mass 
spectrum of “surviving progenitors” and 

“merger products”

PI: Patrick Côté
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The ACS Virgo Cluster Survey
Data and Analysis

•Model underlying galaxy

•Identify GC candidates

•Fit with PSF-convolved King models

•Compare with customized control fields

•Select clean sample of GCs in g and z

Over 11,000 GCs detected in 100 galaxies

Completeness, GCLF, distances, total magnitudes
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old (> 8 Gyr) and metal-poor

Brodie & Strader (2006)
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Globular Cluster Systems: Metallicity

Peng et al (2004); Harris & Harris (2002)

•  Globular cluster are predominantly 
old (> 8 Gyr) and metal-poor

Globular cluster formation efficiency is not constant across 
metallicity and age

•Globular cluster metallicity 
distributions in massive galaxies are 
often bimodal, unlike underlying field 
star metallicity distributions
•Metal-poor (halo), metal-rich (bulge)
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Globular Cluster Systems: Metallicity

• All galaxies have metal-
poor GCs

• More massive galaxies 
have more, and metal-
rich GCs

• Mean metallicities of 
both subpopulations 
increase with galaxy mass



Globular Cluster Formation Efficiencies

Specific Frequency: number of GCs normalized to MV=-15
SN = NGC 10 0.4(MV+15)

Purpose: “To investigate whether there is in fact a 
‘universal’ and uniform capability for globular 
cluster formation.” (Harris & van den Bergh 1981)

Spirals                     SN~1
Ellipticals                 SN~5
Dwarf Ellipticals      SN~0-30
M87                         SN~14

Globular cluster formation efficiency is not constant 
across galaxy mass and morphology



Globular Cluster Formation Efficiencies

Specific Frequency: number of GCs normalized to MV=-15
SN = NGC 10 0.4(MV+15)

Purpose: “To investigate whether there is in fact a 
‘universal’ and uniform capability for globular 
cluster formation.” (Harris & van den Bergh 1981)

Spirals                     SN~1
Ellipticals                 SN~5
Dwarf Ellipticals      SN~0-30
M87                         SN~14

Globular cluster formation efficiency is not constant 
across galaxy mass and morphology

A problem?  No!  GC systems offer a unique and 
complementary view on galaxy formation.
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intermediate L

• High SN values for both 
giants and dwarfs
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Mass in GCs may correlate with total baryonic or total dark mass

McLaughlin (1999) Kravtsov & Gnedin (2005)



Do Globular Clusters trace Total Mass?

Mass in GCs may correlate with total baryonic or total dark mass

Are globular clusters better tracers of total mass 
than stars themselves? 
NGC∝Mh  or SM∝Mh/L?

Total mass-to-light ratios of 
galaxies also has minimum at 

intermediate mass
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Do Globular Clusters trace Total Mass?
• Translate into GC 

stellar mass fraction

SM∝Mh/L?
• Use relation derived 

from HOD (van den 
Bosch 2007)

Peng et al. 2008

• Mh/L vs Mgal also has 
“U”-shaped relation

Cote et al (2000)
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Globular Clusters and Dark Matter: A connection?

Mieske et al. 2008

• Metal-poor Globular 
Clusters show color-
magnitude relation 
(mass-metallicity)

• Self-enrichment 
during formation?



Do Globular Clusters trace Total Mass?
• Translate into GC 

stellar mass fraction

SM∝Mh/L?
• Use relation derived 

from HOD (van den 
Bosch 2007)

NGC∝Mh can explain some, but not all trends in SM.
Peng et al. 2008

• Mh/L vs Mgal also has 
“U”-shaped relation
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• SN vs clustercentric distance
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Globular Clusters in dEs: The Role of Environment

• Dwarfs only: Mz > -19
• SN vs clustercentric distance

• dEs with high GC fractions are 
within Rp < 1 Mpc
• dEs within 100 kpc, stripped of GCs

Peng et al. 2008



The Millennium Simulation
(Springel et al 2005, De Lucia et al 2006)

• 21603 dark matter particles
• 5003 h-1 Mpc volume
• z=127 to present
• Galaxies with stellar mass > 3x108

• 126 massive galaxy clusters
• Select 15,506 simulated early-type 

dwarfs (Mz>-19 at z=0) and their 
progenitors

• 63 snapshots from z=12

What are the properties and star formation 
histories of simulated early-type cluster 

dwarfs?



The Millennium Simulation:
Early-type cluster dwarfs

Average star formation rate 
of central dwarfs more 
peaked with rapid falloff

Star formation in central 
dwarfs occurs at higher star 
formation rate density 

Higher SFR density -> higher star 
cluster formation efficiency
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Peak formation of massive 
star clusters is naturally 

earlier than peak SFR

SFR surface density

Star Formation Rate
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The Millennium Simulation:
Early-type cluster dwarfs
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Implications and Speculations
1. Variation in GC formation efficiency reflects (in part) 

formation efficiency of the field stars 

2. GC formation in dEs relative to their field stars is biased 
toward the cluster center



Future Directions

• Wide-field necessary 
for panoramic view of 
GCs and dwarfs in galaxy 
clusters

• CFHT/Megacam, 
Subaru/HyperSuprime, 
LSST, PanStarrs, HST

Observations: Imaging

Mihos et al (2006)
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Future Directions

• Wide-field necessary 
for panoramic view of 
GCs and dwarfs in galaxy 
clusters

• CFHT/Megacam, 
Subaru/HyperSuprime, 
LSST, PanStarrs, HST

Observations: Imaging

Mihos et al (2006)

Next Generation Virgo 
Survey: CFHT/Megacam 

Survey of 140 deg2 in Virgo

• Census of baryonic content to lowest mass galaxies and star clusters
• What is the difference between a star cluster and a galaxy?



Future Directions

• ACS Fornax Cluster Survey

• HST/ACS Coma Cluster Survey

• Spatial Distributions of Globular 
Clusters (Qiushi Wang, PKU)

• LAMOST : GCs are just the tip of 
the iceberg, a few % of stellar mass

keynote:/Users/ericpeng/Talks/080130UMD/080130UMD.key?id=BGSlide-11
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