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A PFS Cosmology Survey thought experiment:

1.  Enable breakthrough galaxy science.

2.  Maximize unique potential for cosmology.

Goals:
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The galaxy formation fantasy is the SDSS at z~1

1.  Mass complete to z~1..  > log M = 10.5

2.  SDSS like volume.  V > 0.2 Gpc3

3.  High sampling/success rate..  > 70% 

4.  Strong S/N..  > 10 

5.  Wide wavelength range

6.  Blue sensitivity 

Spec-z survey Wish List

Be realistic... DEEP2 took over 100 nights on Keck
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Cosmologist’s desires are BAO at z~1

1.  Volume!  V > 5 Gpc3 for 5% σw

2.  Sampling  2e10-4 < n < 4e10-4

3.  S/N ~ 1-3

BAO requirements

Friday, December 10, 2010



A problem marriage for BAO and galaxy formation

Way overkill  (only want 0.2)

Log M=11.3 (not 10.5), or not complete

Too low for extracting spectral info 
(need 10) 

... for galaxy formation

1.  Volume!  V > 5 Gpc3 for 5% σw

2.  Sampling  2e10-4 < n < 4e10-4

3.  S/N ~ 1-3

BAO requirements

Let’s choose both!
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10,000 deg2, 1.5e6 
LRGs,14 Gpc3

z = 0.1

z=1.6

Sloan, 9830 deg2, 
       1e6 galaxies

0.2 Gpc3

z = 0.6

(little)BOSS

z = 1.0

PFS BAO Survey
3000 deg2, 9 Gpc3

Fiber density: 1500 deg-2

Field of view: 1.8 deg2

R < 23 (OCDD)
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z = 1.0

PFS BAO Survey
3000 deg2, 9 Gpc3

Fiber density: 1500 deg-2

Field of view: 1.8 deg2

R < 23 (OCDD)

Solution concept

Embedded “shell” galaxy survey
700 fibers

Higher-z unique BAO
1200 fibers, n=4e-4

Lower sampling BAO, 
150 fibers, n=1.5e-4
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z=0.65

A mass-complete galaxy shell survey

z=0.55

• Log M > 10.5,  0.2 Gpc3 
• 90% sampling rates (DEEP2 was 30%)
• 1% clustering at 100 kpc → unique territory and science
• Bright galaxies (i<22) S/N ~ 8-10 → velocity dispersions, chemistry
• Covers all key lines: Ha, NII, OIII, Hb, OII, etc. → AGN, SFH, balmer decrement
• 0.2 Gpc3 → Vanishing cosmic variance, statistics on rare samples

This is the galaxy survey Wish List!

300 Mpc
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z=0.65

How to do it?  Survey Strategy...

z=0.55

• Aggressive fiber re-deployment, 1minute
bright targets: i<21, 5 min, S/N 10
fainter targets: 21< i < 22, 30 min, S/N 10

• 2500 shell galaxies per PFS pointing
• 4.5e6 shell galaxies over 3200 deg2 
• Robust photo-z selection from HSC

Synergy with HSC medium-band surveys!
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z=0.65

Unique science from high sampling 
in the shell

z=0.55

1. Identification of group/cluster satellites & filaments
Half of low-mass SDSS satellites fiber collided
Detailed environmental studies
Cluster (ACT) masses, velocity dispersion masses 
compared to lensing, confirmed richness
Dark matter profiles

2. Gas and galaxy formation: Cross correlation with 
absorbers (background QSO/galaxies)
3. Spec-z mergers, dV distributions
4. New cosmology probes

300 Mpc

Friday, December 10, 2010



z=0.65

Unique science from high sampling 
in the shell

z=0.55

1. Identification of group/cluster satellites & filaments
Half of low-mass SDSS satellites fiber collided
Detailed environmental studies
Cluster (ACT) masses, velocity dispersion masses 
compared to lensing, confirmed richness
Dark matter profiles

2. Gas and galaxy formation: Cross correlation with 
absorbers (background QSO/galaxies)
3. Spec-z mergers, dV distributions
4. New cosmology probes

Figure 2: A demonstration of the M/N technique using the HOD. Panel (a): The filled circles represent
measurements of wp(rp) for galaxies with Mr < −20.5 in SDSS DR7 (Zehavi et al. 2010). The solid curves
are different fits to these data using the HOD formalism but assuming different values of σ8 when calculating
halo statistics. Panel (b): The mean occupation numbers, 〈N〉M , that produced the best-fit wp(rp) curves in
(a). Dashed curves show the occupation of satellite galaxies. Panel (c): The prediction each model makes for
M/N (here N is the number of satellite galaxies). The filled circles show M/N measured from the maxBCG
cluster catalog of Koester et al. (2007), with weak-lensing mass estimates of Sheldon et al. (2009b). The
curves in this panel are only examples; in the analysis of T10, Ωm is also a free parameter and we marginalize
over a number of theoretical and observational uncertainties.

tion. Thus, to match the same observed level of clustering, the HOD must also change. Figures 2a
and 2b show four different HOD models of the clustering of Mr < −20.5 galaxies in SDSS. All four
are good fits, even though σ8 varies from 0.6 to 1.0. This demonstrates the degeneracy axis between
cosmology and bias—real-space clustering cannot differentiate between these models. However, as
σ8 decreases, the bias required to match the observed clustering increases. To increase the bias of
the galaxy population, more galaxies are placed in highly-biased halos (a.k.a. clusters). A statistic
that is sensitive to the overall mass scale of dark matter halos can therefore break this degeneracy.
Our second method to determine the HOD observationally is to directly measure the mean number
of galaxies in a sample of massive clusters. Unlike the clustering, no cosmology is assumed in order
to make this determination. In practice, the observational mesure we use from the cluster sample
is the ratio of halo mass to galaxy number, M/N . Figure 2c compares the M/N predictions each
of these models makes against recent measurements of this quantity from the 13,000 optically iden-
tified clusters in the maxBCG catalog (Tinker et al, in preparation2; henceforth T10). See Koester
et al. 2007 for a description of the maxBCG cluster finder.

The results from T10, shown in Figure 2, represent a proof-of-concept for the pursuit of cosmol-
ogy from the small-scale distribution of galaxies. The current analysis yields constraints that are
competitive with cluster abundance studies; Figure 3a compares the constraints in the Ωm-σ8 plane
to those derived from the abundances of the same sample of clusters3 (Rozo et al. 2010). With
simple improvments in the choice of galaxy samples with which to measure wp(rp), the constraints

2T10 is a collaborative effort between PIs Tinker and Wechsler, with Collaborator Erin Sheldon and the rest of
the maxBCG research team.

3Note that the abundance information of the maxBCG sample is never used in the M/N technique; it is thus fully
complementary to the abundance approach. The comparison in Figure 3a is unbiased in that the statistical sample
and volume probed (and systematics incurred) are identical for the two analyses.
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Figure 3: Left: Constraints in the Ωm-σ8 plane from cluster counts using the maxBCG catalog
(from Rozo et al. 2010) and from the M/N technique in this proposal (from T10). Both constraints
assume WMAP7 priors and use the same cluster sample. In T10, the median cluster redshift is
z = 0.25, while the redshift for the wp(rp) measurements is ∼ 0.1; thus, we marginalize over any
possible evolution in the HOD. The green contours are the constraints derived from the M/N
technique assuming that the cluster sample and the wp(rp) measurements are at the same redshift.
(This will be discussed in §4.) Right: Preliminary estimate of the dark energy constraints expected
from DES using the M/N method compared to expected constraints from cluster abundance (with
a Planck prior). We have assumed a simplified model extrapolated from local measurements to
calculate the M/N estimates, which we expect to be a conservative estimate. This preliminary
calculation yields a factor of 2.3 improvement in the figure of merit over cluster counts alone. Note
that these projections do not include priors from current dark energy studies.

from T10 can be significantly enhanced, leading to precision measurements of the amplitude of dark
matter fluctuations. Given samples of galaxies and galaxy clusters out to z ∼ 1, this method will
produce a precision measurement of the growth function D(z), placing constraints on the equation
of state of dark energy. Our plan is to refine our models for the clustering and abundance of dark
matter halos. We will then apply the enhanced model to observational data. In the near term,
we will analyze the SDSS DR7 Luminous Red Galaxy (LRG) sample. In the longer term, we will
optimize this approach for application to the DES, which probes much more volume than SDSS
but utilizes only photometric data. We present projections for dark energy constraints with DES in
Figure 3b. These results are preliminary; §3.3 presents plans for robust calculations of dark energy
projections.

PI’s Wechsler & Tinker have been at the forefront of the development of the HOD as a precision
cosmological tool. Bullock et al. (2002) was one of the first papers to use the HOD framework
to break the degeneracy between galaxy bias and cosmological parameters, using Lyman-Break
galaxies at high redshift. Kravtsov et al. (2004) was the first paper to present detailed predictions
for the HOD of resolved subhalos in cosmological simulations, and Conroy et al. (2006) combined
this model with a simple approach to connect galaxies to resolved subhalos to show that it could
reproduce the luminosity, redshift, and scale dependence of the bias. Cluster mass-to-light ratios
have long been a method for probing cosmology (e.g., Bahcall et al. 1995, 2000; Carlberg et al. 1996).
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300 Mpc
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z=0.65
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12 A. Leauthaud
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Fig. 6.— Best fit model for the z1 redshift bin (blue solid line). Panels a) to e): amplitude of the angular correlation function w as
a function of angular separation θ (in arcseconds) in stellar mass thresholds. Note that in this redshift bin, the amplitude of w at large
seperations is artificially deflated by integral constrainte (this is included in the fitted model however). Panel f): COSMOS stellar mass
function for log10(M∗) > 8.7 (completeness limit for this redshift bin). For reference, in panel f), we also show the SDSS mass functions
from Li & White (2009) (triple schecter fit, black dash-dash line), Baldry et al. (2008) (magenta dash-dot line) and from Panter et al.
(2004) (firebrick, dash-dot-dot line). Panels g) to m): galaxy-galaxy lensing signal in stellar mass bins. Note that in panel l), there is a
negative data point represented by a grey square. The lensing signal is decomposed into four compoants: the baryonic term (red dot-dot),
the central one halo term (green dash-dash), the satellite one halo term (orange dash-dot), and the two halo term (grey dash-dot-dot-dot).

due to the treatment of satellites. Note that our
SHMR only concerns centrals whereas PB is for
everything (including satellites). Assumes that
the stellar mass only depends on the mass at in-
fall, Minfall. Assumptions that we make that are
the same as Peter: Tinker et al mass function -
functional form for SHMR - we both include scat-
ter. (cosmology?). Things that are different: - halo
mass def - IMF. More details on the assumptions
regarding SM (from Li et al).

• More, satellite kinematics

• Compare with Drory et al?

• Li et al. mass functions. More details here about
the assumptions that go into the calculation of the
Li et al masses (SP models?). The sample variance
is insignificant for Li et al.

For Redshift evolution: compare with
Behroozi/Moster and Heymans.

Note that the scatter that is constrained includes mea-
surement error which can vary depending on the data
set.

8.2. Influance of the various parameters

• In Figure 13 and 14 we show how each of the pa-
rameters affects the three observables.

• For example, changes in M1 mainly affect the nor-
malization of the clustering, stellar mass function,
and g-g lensing. σlogM∗

affect the high mass end of
the mass function (also know as Eddington bias)
and decreases the amplitude of the lensing.

• This plot also shows that the stellar mass function
is the most constraining since is has very small error
bars.

A. Leauthaud

small scale clustering

mass function

galaxy-galaxy lensing
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Summary: Hybrid strategies to marry 
galaxy and BAO science.

• Exploit unique power of Subaru for BAO by 
concentrating on z > 1.0

• An embedded shell at z=0.6 enables breakthrough, 
highly sampled galaxy science.  Area, depth, and fiber 
density well suited to BAO component.

SuMIRe
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