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Hierarchical galaxy formation

• How does the luminous matter map onto the dark matter halos on different 
mass scales

• What happens to luminous matter after interaction/merging

CDM and the Substructure Crisis

Theory: Observation:N>1010 N~20
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Missing satellites problem

• Observationally only 
constraint by Local Group 
measurements

• Hard to measure for other 
galaxies, because for each 
dSph there are more than 50 
background galaxies with 
similar size and apparent 
magnitude

• Redshift survey essential
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Fig. 1.—Density of dark matter within a cluster halo of mass 5#
(top) and a galaxy halo of mass (bottom). The edge of14 1210 M 2# 10 M, ,

the box is the virial radius, 300 kpc for the galaxy and 2000 kpc for the cluster
(with peak circular velocities of 200 and 1100 km s , respectively).!1

Fig. 2.—Abundance of cosmic substructure within the Milky Way, the Virgo
Cluster, and our models of comparable masses. We plot the cumulative numbers
of halos as a function of their circular velocity, , where is1/2v = (Gm /r ) mb b bc

the bound mass within the bound radius of the substructure, normalized torb
the circular velocity, Vglobal, of the parent halo that they inhabit. The dotted
curve shows the distribution of the satellites within the Milky Way’s halo
(Mateo 1998), and the open circles with Poisson errors are data for the Virgo
Cluster (Binggeli et al. 1985). We compare these data with our simulated
galactic mass halo (dashed curves) and cluster halo (solid curve). The second
dashed curve shows data for the galaxy at an earlier epoch, 4 billion years
ago—dynamical evolution has not significantly altered the properties of the
substructure over this timescale.

make a comparative study with observations and simulations
of larger mass halos.

2. SUBSTRUCTURE WITHIN GALAXIES AND CLUSTERS

We simulate the hierarchical formation of dark matter halos
in the correct cosmological context using the high-resolution
parallel treecode PKDGRAV. An object is chosen from a sim-
ulation of an appropriate cosmological volume. The small-scale
waves of the power spectrum are realized within the volume
that collapses into this object with progressively lower reso-
lution at increasing distances from the object. The simulation
is then rerun to the present epoch with the higher mass and
force resolution. We have applied this technique to several halos
identified from a 106 Mpc3 volume, including a cluster similar
to the nearby Virgo Cluster (Ghigna et al. 1998) and a galaxy
with a circular velocity and isolation similar to the Milky Way.
The cosmology that we investigate here is one in which the

universe is dominated by a critical density of cold dark matter,
normalized to reproduce the local abundance of galaxy clusters.

The important numerical parameters to remember are that each
halo contains more than one million particles within the final
virial radius rvir and that we use a force resolution that is ∼0.1%
of rvir. Further details of computational techniques and simu-
lation parameters can be found in Ghigna et al. (1998) and
Moore et al. (1999). Here we focus our attention directly on
a comparison with observations.
Figure 1 shows the mass distribution at a redshift of z = 0

within the virial radii of our simulated cluster and galaxy. It
is virtually impossible to distinguish the two dark matter halos,
even though the cluster halo is nearly a thousand times more
massive and forms 5 Gyr later than the galaxy halo. Both
objects contain many dark matter substructure halos. We apply
a group-finding algorithm to extract the subclumps from the
simulation data, and we use the bound particles to measure
their kinematical properties directly: mass, circular velocity,
radii, and orbital parameters (cf. Ghigna et al. 1998). Although
our simulations do not include a baryonic tracer component,
we can compare the properties of these systems with obser-
vations using the Tully-Fisher relation (Tully & Fisher 1977).
This provides a simple benchmark for future studies that in-
corporate additional physics such as cooling gas and star
formation.
Figure 2 shows the observed mass (circular velocity) func-

tion of substructure within the Virgo Cluster of galaxies com-
pared with our simulation results. The circular velocities of
substructure halos are measured directly from the simulation,
while for the Virgo Cluster, we invert the Binggeli et al. lu-



Interesting nearby targets in survey area

Ursa major cluster
D=~20 Mpc

1Mpc around M101 
D= ~7.5 Mpc







• Measurement of distribution of HI 
region metallicities in ~30 galaxies 
with D25>2.5 arcmin 

• Trace star formation to very large radii

• Higher resolution mode would allow 
for measuring velocity field



Survey limits M101 and Ursa Major

• Globular clusters only 
within reach for M101 
and a few other nearby 
galaxies in survey area

• “Classical dSphs” 
maybe in reach for 
M101, but technique to 
combine fibers may even 
get some Ursa Major 
cluster in reach

Compilation by Beth Willman.
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Planetary Nebulae

• PNs have [OIII] 5007Å flux of ~20e-17 erg/s/cm2 at the distance of M101, 
2.5e-17 erg/s/cm2 at the distance of Ursa Major

• Predicted sensitivity 5sigma is 3.5e-17 erg/s/cm2

• Potential for mapping inter-galactic population in Ursa Major cluster using PN 
matched filter on spectra

• Implementing high resolution mode would enable kinematic mapping of 
nearby galaxies to large radii (Romanowsky et al. controversy)



Summary

• We can make complete measurements of GC systems around a few nearby 
galaxies in survey area.

• Planetary nebulae can be detected to Ursa Major cluster distances. Potential 
for finding inter-galactic stellar population. Also precursor for kinematic 
followup measurements.

• dSph population mostly out of reach, unless we can stack spectra of adjacent 
fibers.

• High resolution mode would allow immediate kinematic mapping of large 
angular diameter galaxies like with HI, but at much better spatial resolution. 
PN would provide constraints to very large radii.


