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GC systems offer a unique
and complementary view on
galaxy formation:
Environment may be the key.
Peng et al. (2008)
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• dEs with high GC fractions are

within Dp < 1 Mpc
• dEs within 100 kpc, stripped of GCs

Peng et al. (2008)
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Implications

Globular clusters and satellite galaxies
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• GC formation in dEs is most

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 clusters 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 emission 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 lowmass haloes.

z=12

efficient in dense regions (biased)

• Low mass halos in dense regions

collapse earlier, and are perhaps
more efficient at producing GCs

• Earliest collapsing low mass halos in

3 CONNECTION TO GLOBULAR CLUSTERS
A N D H A L O S TA R S

densest regions could build metalpoor GC populations in giants

The globular clusters that were once within the merging protogalaxies 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 determined 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 >2.5σ peaks at z >
12 now falls off as ρ(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 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

Moore et al (2006)
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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

sity SHI can be obtained from the m21 values given in Table 2
using the expression

The Millennium Simulation:

m21 = 21.6 − 2.5 log(SHI )

(9)

Early-type cluster dwarfs

with SHI in units of 10−24 W m−2 (RC3). Combining (8) and
(9) we obtain
MHI (M" ) = 4.97 × 10−9 D2 100.4×(21.6−m21 )

(10)

We ignore corrections for self-absorption since most of the
galaxies are seen nearly face-on. No homogeneous set of data
is available on the HI sizes so we use again the optical sizes to
derive the HI surface density ΣHI :

In local star forming galaxies,
−2 log D
pc−2 ) = 3.26 ×density
109 × 10−0.4 m
ΣHI (M"surface
higher SFR
means
a (11) T (U)
This is somewhat
problematic
sinceluminosity/
HI disks often extend belarger fraction
of
stellar
yond the optical disk size. However, as long as the same proceis applied tostar
all galaxies
in the sample the results should at
mass in dure
massive
clusters
least be comparable, although we stress that the absolute values
21

0

of the HI surface density (ΣHI ) should probably not be given
too much weight. The uncertainties on m21 quoted in RC3 are
typically of the order of 0.1 mag or about 10%, so errors in ΣHI
are more likely to arise from the area normalisation because of
differences in the scale length of the HI disks relative to the
optical sizes.
Fig. 4 shows TL (U ) vs. ΣHI . The plot clearly shows a correlation, although not as nice as between TL (U ) and ΣSFR . This
may not be surprising, considering the relatively small range
in ΣHI compared to ΣSFR , which makes the result much more
sensitive to errors in the area normalisation. Also, ΣSFR (and
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Fig. 3. TL (U ) vs. Star Formation Rate as derived from the FIR luminosities for galaxies in the Paper1 sample. The upper panel shows
Larsen & Richtler (2000)
TL (U ) as a function of the global SFR, while the lower panel shows
TL (U ) vs. ΣSFR , the SFR per unit area.

We can scale the SFR and SFR densities in
thus TL (U )) is expected to depend on the total gas surface denMillennium semi-analytic models
toofpredict
star only a fraction, which is
which ΣHI constitutes
sity Σgas
not necessarily the same from galaxy to galaxy. However, we
that Kennicutt (1998a) finds that ΣSFR correlates nearly
cluster formationnote
rates
Cluster Formation Rate ∝ SFR x SFR surface density

The Millennium Simulation:
Early-type cluster dwarfs

Peak formation of massive
star clusters is naturally
earlier than peak SFR
SFR surface density

Peng et al. (2008)
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Star Formation Rate

The Millennium Simulation:
Early-type cluster dwarfs

Oldest dwarfs are at cluster center and formed GCs at high efficiency.

The HST/ACS Coma Treasury Survey
• Nearest rich, dense

cluster environment (100
Mpc)

• HST/ACS Treasury

survey to observe 82
pointings in g and I in
cluster core and
outskirts. Only 25
completed.

• D. Carter (PI), H.

Ferguson, P. Goudfrooij,
T. Puzia, et al.

The HST/ACS Coma Treasury Survey

Can still do interesting GC and galaxy science!
(See talks and posters by M. Hudson, R.
Smith, A. Graham)

The HST/ACS Coma Treasury Survey

• GCs are point sources
• Entire cluster core is
filled with GCs

• Intergalactic population
• Most are metal-poor
(2:1)

• Spatial structure in GCs

Peng et al. (in prep)
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The HST/ACS Coma Treasury Survey

• GCs are point sources
• Entire cluster core is
filled with GCs

• Intergalactic population
• Most are metal-poor
(2:1)

• Spatial structure in GCs
Coma core GC distribution
Peng et al. (in prep)

The HST/ACS Coma Treasury Survey
• GC radial profile

centered on NGC 4874

• Galaxies masked and

their GCs statistically
subtracted

• Sersic + constant fits
well

• Intergalactic GC

density is well above
background level

Peng et al. (in prep)

The HST/ACS Coma Treasury Survey
• GC radial profile

centered on NGC 4874

• Galaxies masked and
•
•
•
•
•
•

NGC (R<520kpc) = 58,000
“Sersic” GCs = 17,500
“Intergalactic” GCs = 40,500
SN (Sersic) = 8
Intergalactic light: 27 mag/arcsec2
~2000 disrupted dEs at MV=-16

Peng et al. (in prep)
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