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Importance of Galaxy-Halo connection
✦ BOSS provides the tightest cosmological constraints to date. 

✦ Need to be checked against realistic mock catalogs  
    where a galaxy-halo model (e.g. HOD parameters) is assumed.

✦ A brief summary of Alexie’s talk  
  -S82MGC shows BOSS CMASS is NOT a ‘Constant Stellar Mass’ sample 
  -Complicated selection effect in a redshift-dependent way 
      color-cut at low z 
      luminosity-cut at high z  

✦ Galaxy Formation: BOSS galaxies firmly above 1012 Msun 
  -‘Hot’ halo mode: what determines color of massive galaxies? 
  -not all dead and red: ~25% SF disk Masters et al. (2011)

~37% blue cloud Montero-Dorta et al. (2014)



3

Modeling CMASS via SHAM
8 Saito et al.

Fig. 2.— Illustration of our overall methodology for constraining the AbM model and creating a mock CMASS catalog. The stochastic
AbM model contains three free parameters: (φ1,M0,σ). The age-matching (AgM) model contains one additional parameter, µCMASS
which controls how strongly CMASS galaxies correlate with zstarve at fixed Vpeak.

or Mpeak. Second, SHAM models must also account for
scatter between galaxy properties and halo properties.
We account for scatter by adopting the methodology of
Behroozi et al. (2010) and Reddick et al. (2013). As ex-
plained in the previous section, we model the total SMF
as a double Schechter function (Baldry et al. 2008)

φ(M∗;φ1,α1,φ2,α2,M0) =
{
φ110

(α1+1)(logM∗−logM0)

+φ210
(α2+1)(logM∗−logM0)

}
(ln 10) exp

[
−M∗
M0

]
, (6)

where α2 > α1 and the second term dominate at the low-
mass end. We abundance match subhalos against this
SMF, and convolve it with a uniform log-normal scatter,

φconv(M∗;φ1,α1,φ2,α2,M0,σ)

=

∫
dm

φ(M∗)√
2πσ

exp

[
− (m− logM∗)2

2σ2

]
, (7)

which introduces a scatter in the relation between stellar
and halo mass. This scatter arises due to a combination
of intrinsic scatter in the stellar-to-halo-mass relation
and errors associated with stellar mass measurements
(Behroozi et al. 2010; Leauthaud et al. 2011). Hence,
for a realistic model, the value of σ must be equal to,
or greater than, the measurement errors in stellar mass
measurements – we will return to this question in Section
6.
As discussed in the previous section, we fit the SMF

function from the s82-mgc SMF over 8 data points at
11.5 ≤ log10(M∗/M⊙) ≤ 12.0. Our SMF measurements
probe the very high mass end of the stellar mass func-
tion and hence are insensitive to some parameters in the
double Schechter function. For this reason, in our fits,
we simply fix the parameters that govern the low mass
end to (α1,φ2,α2) = (−0.46, 3.0× 10−4,−1.58). This is
motivated by results at the low-mass end at low redshift

from Baldry et al. (2008). In summary, our abundance
matching model contains three free parameters, φ1, M0,
and σ. The χ2 for SMF is simply given by

χ2
SMF =

∑

ij

[φmeas(M∗,i)− φconv(M∗,i;φ1,M0,σ)]

×C−1
SMF,ij [φmeas(M∗,j)− φconv(M∗,j ;φ1,M0,σ)](8)

where φconv(M∗;φ1,M0,σ) is a theoretical SMF pre-
dicted by Equation (7). The inverse covariance matrix
for the SMF measurement, C−1

SMF, is estimated via the
following steps. First we compute the covariance ma-
trix CSMF,boot from 214 bootstrap regions. Then we
smooth out the noise in the non-diagonal components
using a boxcar algorithm (Mandelbaum et al. 2006). Fi-
nally we multiply by the Hartlap correction factor which
is ∼ 0.958, i.e., C−1

SMF = 0.958C−1
SMF,boot. Although the

error budget is dominated by the Poisson noise which
only contributes to diagonal components (Smith 2012),
the Poisson error underestimate the errors at the level of
∼ 30%.

5.3. Subhalo Age Matching

SHAM essentially specifies the stellar-to-halo mass re-
lation between galaxies and halos. It is normally as-
sumed that halo mass is the primary variable on which
the galaxy-halo connection depends. However, in addi-
tion to halo mass, halo clustering also depends on other
parameters such as halo age, a phenomenon known as
assembly bias (see e.g., Gao et al. 2005; Wechsler et al.
2006; Jing et al. 2007; Gao & White 2007; Dalal et al.
2008; Li et al. 2008).
H13 recently introduced an extension to the tradi-

tional abundance matching scheme called age matching
which can reproduce the color-dependent clustering of
the SDSS main galaxy sample (also see Masaki et al.
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Fig. 1.— (Left) The total SMF from Stripe 82 (black squares) measured from s82-mcg (139.4 deg2) and the SMF measured using only
CMASS galaxies (magenta squares). Other SMFs determined from smaller area surveys at similar redshifts are also shown. Red, blue, and
green circles show results from PRIMUS (5.5 deg2) at 0.4 < z < 0.5, 0.5 < z < 0.65, and 0.65 < z < 0.8, respectively. Cyan triangles show
one wide redshift bin from the COSMOS survey (1.64 deg2). Our best-fitting double Schechter function for total SMF (see Section 6.1
later) is shown as a solid black curve. (Right) SMFs as a function of redshift measured using only the CMASS sample. As a reference, we
also show the total SMF from the s82-mgc at 0.43 < z < 0.70 and log10(M∗/M⊙) > 10.5. Note that the s82-mgc is complete to roughly
log10(M∗/M⊙) > 11.2. As shown in Leauthaud et al. (in prep), CMASS is only complete in terms of stellar mass at the highest masses
and in a relatively narrow redshift range.

we find a difference in the real-space correlation function
at fixed number density, n ≃ 1.58×10−4(h/Mpc)3, at the
1 - 2 % level at large scales. The largest differences (at
the level of 5%) are seen at the 1-halo to 2-halo regime at
r ! 1Mpc/h (see Appendix. A). This level of evolution
is below our measurement errors but these effects will
need to be taken into account in future work, especially
when the S/N of the measurements increases (currently
we are using DR10 measurements).
We also perform two tests concerning the impact of the

resolution of MDR1 on our results. First, we test if the
subhalo catalog resolves the mass scale required for our
abundance matching. Based on White et al. (2011) and
R14, we estimate that abundance matching for CMASS
will require subhalos with Vpeak ≥ 200 km/s. Our tests
demonstrate that MDR1 resolves halos down toVpeak ∼
150 km/s.
Second, we examine the impact of resolution effects on

the radial profiles of subhalos. Our estimates suggest
that subhalo radial profiles become incomplete at 0.1-
0.7Mpc/h (and depend on the ratio between the peak
velocity of hosts and subhalos). The smallest scale in
our wp measurement is ≈ 0.2Mpc/h and is close to this
incompleteness limit. The impact of resolution on our
results is at least partly counteracted by the boost to the
errors of our measured wp by systematic fiber-collision
correction uncertainties on these scales. We conclude
that the resolution of MDR1 is likely sufficient for our
purpose, but that recently-completed higher resolution
simulations such as Skillman et al. (2014) or Ishiyama
et al. (2014) would be preferable and will be adopted in
subsequent work.

5. METHODOLOGY

Our goal is to find a model of the CMASS-halo connec-
tion which can simultaneously explain the SMF and the
two-point correlation function and which also accounts

for stellar mass completeness of CMASS. This section
explains the details of our methodology. In this paper
we only explore models that reproduce the projected two-
point correlation function of the full CMASS sample over
the redshift range of 0.43 < z < 0.7. In future work we
will explore how well our models match the clustering
of sub-samples (e.g., dividing CMASS by color and red-
shift).

5.1. Overview of Methodology and Models

We begin with a broad overview of our global method-
ology and the two classes of models that we will explore
in this paper. The details of our approach are then pro-
vided in the later half of this section.
Our approach is based on the SHAM framework for

connecting galaxies and dark matter halos (see Section
5.2). Within the context of SHAM, we will then explore
two broad classes of models that relate galaxy color to
halo properties. The first model that we explore is a
“stochastic model” in which at fixed stellar mass, galaxy
color in high mass halos in simply a random process that
does not correlate with halo properties. We will refer
to this model as the “AbM” model. After abundance
matching our mock catalog, we tag CMASS galaxies by
randomly down-sampling the full mock galaxy catalog in
such a way that the mock CMASS SMFs reproduce the
ones measured in Section 3.3. The down-sampling pro-
cedure is described in Section 5.4. Unless an additional
correlation between this CMASS flag and halo properties
is explicitly introduced, this procedure makes the implicit
assumption that at fixed stellar mass, CMASS galaxies
are a random sample of the overall population. However,
Leauthaud et al. (in prep) show that at fixed stellar
mass, CMASS is not a random sample of the overall pop-
ulation in terms of galaxy color. Hence, the abundance
matched catalog that we obtain after the down-sampling
procedure will only correctly represent the true relation

Multidark 1Gpc/h simulation

✦ Based on Subhalo Abundance Matching (SHAM) 
   - include the stellar mass incompleteness and reproduce dn/dz by design 
   - fit to total SMF and CMASS wp(rp) at small scales [0.2-30 Mpc/h]

Prada et al. (2012)

e.g., Kravstov et al. (2004)

✦ First try “Stochastic Color” model  
   - once M* is specified, no correlated b/w color & other halo properties 
   - only need to account for stellar mass completeness of CMASS 
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Results of the Stochastic Color model
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Fig. 5.— Our best fit to the SMF (left) and to wp ((right). The goodness of fit is ∆χ2 = (4.55+11.43)/(26−3) = 0.694. The best fitting
parameters are (φ1, log10 M0,σ) = (1.86× 10−3, 10.89, 0.105). Note that we fix the parameters that govern the low mass end of the SMF
(α1,φ2,α2) = (−0.46, 3.0× 10−4,−1.58). (Left): best-fitting double Schechter function (dotted) convolved with log-normal scatter (solid)
compared to the measured SMF (black squares). The (fixed) φ2 term is shown as a dashed curve. (Right): comparison of our best-fit (red
line) with wp. The green line shows the result of abundance matching against Mpeak instead of Vpeak. As a reference, contribution from
central-central pairs is shown as dashed lines. Numbers in parenthesis indicate the satellite fractions (11.1% for Vpeak and 9.5% for Mpeak).

Fig. 6.— Halo mass histogram from the abundance-matched
CMASS mock galaxies at low (0.425 < z < 0.465), median (0.545 <
z < 0.585), and high (0.665 < z < 0.705) redshift (solid blue, red
and green bars, respectively). For reference, the collapse mass
at the MDR1’s output redshift, log10 (Mcol(z = 0.534) [M⊙/h]) =
11.73, is indicated by a black solid vertical line. Dashed bars shows
histograms for the age-matching case (µCMASS = 0.6).

Both HOD and SHAM are popular methods for model-
ing the SMF and the galaxy-two-point correlation func-
tions. One reason that HOD methods are popular is that
they provide a relatively simple framework that can also
be used to rapidly model a variety of observables. How-
ever, one of the downsides of this method is that specific
functional forms need to be assumed for the central and
satellite occupation functions. These assumptions may
be robust for volume-limited threshold samples such as
those commonly studied in the SDSS main samples (e.g.,
Zehavi et al. 2011). However, it is less clear if these types
of methods may be applied to more complex samples such
as CMASS which are selected via complex color and lu-
minosity cuts and for which both the shape and normal-

Fig. 7.— The fractional contribution to zstarve as a function
of Vpeak at z = 0.534 for host (square) and sub (circle) halos.
Our high-mass end is dominated by zchar, while zform has major
contribution at low mass regime as is consistent with H13.

ization of the effective HOD may vary with redshift.
There have been several attempts to model the

CMASS-halo connection on the basis of Halo Occupation
Distribution (HOD) type models. Among these studies,
Guo et al. (2013, 2014) and More et al. (2014) focused
on specific sub-samples of CMASS, whereas White et al.
(2011) and R14 used a HOD type model to describe the
clustering of the full CMASS, assuming no redshift evo-
lution in the HOD.
In this paper, we have introduced a novel SHAM based

method that can be used to model complex populations
such as CMASS by accounting for the mass and color
completeness of the sample as a function of redshift. We
now investigate what these models predict in terms of
the redshift dependence of the CMASS HOD. The right
panel of Figure 1 shows that the SMF of CMASS varies
strongly with redshift. This figure alone suggests that the

✦ Our mock well fits to S82-MGC SMF & BOSS CMASS wp. 

✦ SHAM w/ Vpeak fits better than Mpeak. Reddick et al. (2013)
Chaves-Montero et al. (2015)

✦ small scatter, σP(M*|Vpeak) = 0.1 Shanker et al. (2015)
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where ∆wp(rp,i;φ1,M0,σ) = wp,meas(rp,i) −
wp,theory(rp,i;φ1,M0,σ), and the total covariance matrix
includes uncertainties in both measurement and our
theory estimates, i.e., Cwp,total = Cwp,meas +Cwp,theory.

Fig. 2.— Illustrative figure of the pseudo-color distributions for
CMASS and non-CMASS galaxies. The Xcol “colors” of non-
CMASS galaxies are drawn from a normal distribution with unit
variance and zero mean (shown by the solid blue line). The Xcol
“colors” of CMASS galaxies are drawn from a normal distribution
with unit variance and with a mean value equal to µCMASS. When
µCMASS = 0.5 (dashed red line), CMASS and non-CMASS galax-
ies have overlapping color distributions but CMASS is redder on
average. When µCMASS = 10 (solid red line), all CMASS galaxies
are redder than non-CMASS galaxies (this corresponds to the ex-
treme age-matching case that will be explored in Section 6.2). Our
best fit value for µCMASS is 0.5 and corresponds to the distribution
shown by the dashed red line

Fig. 3.— Comparison between the redshift distribution of
CMASS galaxies from our best-fitting mock catalog (red) with the
redshift distribution of CMASS galaxies in the s82-mgc (blue) and
from the full BOSS DR12 SGC (white, Reid et al. in prep). Er-
rors on the dn/dz for the s82-mgc are estimated via botstrap. For
the DR12 SGC dn/dz, redshift failures and fiber-collided galaxies
are included using a nearest-neighbor weighting scheme (see Reid
et al. in prep). We also plot the prediction from the best-fitting
HOD parameters from R14 (black line) with 1σ region shown by
the grey region.

6. RESULTS

6.1. Abundance Matching

We now perform fits to the s82-mgc SMF to-
gether with wp from BOSS DR10. The left panel
of Figure 4 displays the best-fitting double Schechter
function without (dotted) and with (solid) scatter.
The best-fitting SMF parameters with 68% confi-
dence region are (φ1, log10 M0,σ) = (1.86+0.21

−0.61 ×
10−3, 10.89+0.05

−0.04, 0.105
+0.024
−0.032) with χ2

SMF = 4.55. Again
note that we fix the low mass end in the double Schechter
SMF shown as a dashed curve in the panel. We find
excellent fits to both the SMF and wp with two spe-
cific points worth highlighting. First, the amplitude
of our best fit SMF agrees well with COSMOS and
PRIMUS at log10 M∗ ! 11.0 but has a lower amplitude at
log10 M∗ " 11.0. However, because the number density
of CMASS drops sharply below this mass scale and we
simply do not expect to constrain the total SMF in this
range. Second, the best fit value for the scatter is lower
than our naive expectation. Indeed, σ should reflect the
combination of measurements errors as well as intrinsic
scatter in the stellar-to-halo mass relation. In this mass
and redshift range, the mean estimated total uncertainty
in stellar mass measurements in the s82-mgc is of order
σmeas ∼ 0.1 dex. Hence, a value of σ = 0.105 implies
a very small intrinsic scatter in the stellar-to-halo mass
relation. We will return to this point in the discussion
section.
The right hand panel of Figure 4 shows our best-

fit compared to wp. The red line shows the result of
abundance-matching against Vpeak with the best-fitting
parameters quoted above, resulting in χ2

wp
= 11.43. The

goodness of fit in this case is χ2/(d.o.f.) = (4.55 +
11.43)/(8 + 18− 3) = 0.694.
We have also experimented with abundance match-

ing against Mpeak instead of Vpeak. The blue line shows
the results of abundance matching against Mpeak using
the same best-fitting SMF parameters as above. As can
be seen from Figure 4, Vpeak yields a larger clustering
amplitude and is more consistent with the BOSS data
than Mpeak. The difference between two results comes
mainly from the satellite fraction, as the contributions
from central-central pairs only (dashed curves) are nearly
identical. This is consistent with the results from Red-
dick et al. (2013): since, at fixed Mpeak, subhalos have
larger Vpeak than host halos (e.g. see Figure 2 in Reddick
et al. (2013)). Hence, rank-ordering with Vpeak results in
similar clustering of central galaxies but the larger satel-
lite fraction boosts the overall clustering amplitude. We
adopt Vpeak as our fiducial model and do not explore
abundance matching with Mpeak any further.

6.2. Gaining an Intuition for Age Matching Above
Collapse Mass

In the previous section, we showed that a reasonable fit
to Φ and wp can be achieved using a simple abundance
matching in which galaxy color in high mass halos is
simply a stochastic process. We now investigate whether
or not models in which galaxy color correlates with halo
assembly properties can achieve comparable fits.
First, however, we wish to develop some intuition for

how the different components of zstarve affect wp in this
very high halo mass regime. Figure 5 shows that CMASS

Results of the Stochastic Color model
✦ constant HOD 
 
   
   - needs to be randomly down-sampled 
 
   - clustering does NOT evolve

White et al. (2011) & Reid et al. (2014)

✦ Our SHAM model 
 
   - reproduce dn/dz by construction as a  
     consequence of CMASS incompleteness 
 
   - clustering DOES evolve (see next)

HOD prediction
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Evolution of HOD with Redshift
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Fig. 9.— The HODs measured from our abundance-matched mock catalog in our joint fit to SMF and wp. As a reference, the result from
the HOD fitting in Reid et al. (2014) is shown in black lines (central for solid and satellite for dashed). The percentage values indicate
the fraction of CMASS galaxies at given redshift bin, i.e., number of mock CMASS galaxies at this redshift bin divided by number of total
mock CMASS galaxies over 0.43 < z < 0.7.

Fig. 10.— The satellite fraction of our mock CMASS galaxies
as a function of redshift. As a comparison, the result from R14 is
shown as a black line with its 1σ error (gray region).

in high mass halos must be linked to other properties
besides halo peak velocity and we suggest that assembly
bias effects may play a role in determining the clustering
properties of this sample.
Our current implementation of the AgM model also

fails to reproduce the pseudo-multipoles. However, un-
like in the case of the AbM model in which redshift de-
pendence of the color cuts are unimportant, we know that
our AgM model will be sensitive to these effects which
we have treated in a simplistic fashion. Hence, in a forth-
coming paper, we will explore the true color distribution
as a function of redshift in more detail and investigate if a
more realistic AgM model can be fitted to the multipole.
This approach should provide with powerful constraints
on the physical mechanisms that drives galaxy color in
massive halos.

We are grateful to Francisco Prada, Risa Wechsler,
Chiaki Hikage, and Surhud More for useful discussions.
We acknowledge Yu Lu and Andrew Benson for discus-
sion on the Semi-analytic Model. This work was sup-

ported by World Premier International Research Center
Initiative (WPI Initiative), MEXT, Japan. Numerical
computations were partly carried out on Cray XC30 at
Center for Computational Astrophysics, National Astro-
nomical Observatory of Japan. S.S. is supported by a
Grant-in-Aid for Young Scientists (Start-up) from the
Japan Society for the Promotion of Science (JSPS) (No.
25887012).

APPENDIX

TESTS OF THE SUBHALO CATALOG

In this subsection, we discuss potential issues in the
subhalo catalog, focusing in particular on the time evo-
lution of subhalo clustering and completeness issues due
to the resolution of the simulation.
We begin by testing if a single redshift output is suffi-

cient to model CMASS over the redshift range 0.45 <
z < 0.7. We rank order subhalos by Vpeak and se-
lect the top N subhalos with a number density of n ≃
1.58 × 10−4(h/Mpc)3. This roughly corresponds to the
number density of galaxies with M∗ ! 11.0 dex. Fig-
ure 12 shows the three-dimensional correlation function
of subhalos in real space as a function of separation at
three different redshift outputs and at fixed number den-
sity n. The correlation function varies by at most 5%
compared to z = 0.534 over the CMASS redshift range.
The fractional difference at large scales, r ! 3Mpc/h, is
1 - 2 %. The largest differences (at the level of 5%) are
seen at the transition regime from the 2-halo to 1-halo
term, r " 1Mpc/h, where the errors on our observa-
tional clustering signal are increased by uncertainties due
to the fiber-collision correction (see previous section). In
future work, especially when the S/N of the measure-
ments increase (currently we are using DR10 measure-
ments), these effects will need to be taken into account.
We perform two tests concerning the impact of the

resolution of MDR1 on our results. Based on White
et al. (2011) and also R14, we estimate that abun-
dance matching for CMASS will require subhalos with
Vpeak ≥ 200 km/s. Figure 13 shows the histogram of
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Fig. 9.— The HODs measured from our abundance-matched mock catalog in our joint fit to SMF and wp. As a reference, the result from
the HOD fitting in Reid et al. (2014) is shown in black lines (central for solid and satellite for dashed). The percentage values indicate
the fraction of CMASS galaxies at given redshift bin, i.e., number of mock CMASS galaxies at this redshift bin divided by number of total
mock CMASS galaxies over 0.43 < z < 0.7.

Fig. 10.— The satellite fraction of our mock CMASS galaxies
as a function of redshift. As a comparison, the result from R14 is
shown as a black line with its 1σ error (gray region).

in high mass halos must be linked to other properties
besides halo peak velocity and we suggest that assembly
bias effects may play a role in determining the clustering
properties of this sample.
Our current implementation of the AgM model also

fails to reproduce the pseudo-multipoles. However, un-
like in the case of the AbM model in which redshift de-
pendence of the color cuts are unimportant, we know that
our AgM model will be sensitive to these effects which
we have treated in a simplistic fashion. Hence, in a forth-
coming paper, we will explore the true color distribution
as a function of redshift in more detail and investigate if a
more realistic AgM model can be fitted to the multipole.
This approach should provide with powerful constraints
on the physical mechanisms that drives galaxy color in
massive halos.

We are grateful to Francisco Prada, Risa Wechsler,
Chiaki Hikage, and Surhud More for useful discussions.
We acknowledge Yu Lu and Andrew Benson for discus-
sion on the Semi-analytic Model. This work was sup-

ported by World Premier International Research Center
Initiative (WPI Initiative), MEXT, Japan. Numerical
computations were partly carried out on Cray XC30 at
Center for Computational Astrophysics, National Astro-
nomical Observatory of Japan. S.S. is supported by a
Grant-in-Aid for Young Scientists (Start-up) from the
Japan Society for the Promotion of Science (JSPS) (No.
25887012).

APPENDIX

TESTS OF THE SUBHALO CATALOG

In this subsection, we discuss potential issues in the
subhalo catalog, focusing in particular on the time evo-
lution of subhalo clustering and completeness issues due
to the resolution of the simulation.
We begin by testing if a single redshift output is suffi-

cient to model CMASS over the redshift range 0.45 <
z < 0.7. We rank order subhalos by Vpeak and se-
lect the top N subhalos with a number density of n ≃
1.58 × 10−4(h/Mpc)3. This roughly corresponds to the
number density of galaxies with M∗ ! 11.0 dex. Fig-
ure 12 shows the three-dimensional correlation function
of subhalos in real space as a function of separation at
three different redshift outputs and at fixed number den-
sity n. The correlation function varies by at most 5%
compared to z = 0.534 over the CMASS redshift range.
The fractional difference at large scales, r ! 3Mpc/h, is
1 - 2 %. The largest differences (at the level of 5%) are
seen at the transition regime from the 2-halo to 1-halo
term, r " 1Mpc/h, where the errors on our observa-
tional clustering signal are increased by uncertainties due
to the fiber-collision correction (see previous section). In
future work, especially when the S/N of the measure-
ments increase (currently we are using DR10 measure-
ments), these effects will need to be taken into account.
We perform two tests concerning the impact of the

resolution of MDR1 on our results. Based on White
et al. (2011) and also R14, we estimate that abun-
dance matching for CMASS will require subhalos with
Vpeak ≥ 200 km/s. Figure 13 shows the histogram of
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Fig. 4.— Our best fit to the SMF (left) and to wp ((right). The goodness of fit is ∆χ2 = (4.55+11.43)/(26−3) = 0.694. The best fitting
parameters are (φ1, log10 M0,σ) = (1.86× 10−3, 10.89, 0.105). Note that we fix the parameters that govern the low mass end of the SMF
(α1,φ2,α2) = (−0.46, 3.0× 10−4,−1.58). (Left): best-fitting double Schechter function (dotted) convolved with log-normal scatter (solid)
compared to the measured SMF (black squares). The (fixed) φ2 term is shown as a dashed curve. (Right): comparison of our best-fit (red
line) with wp. The blue line shows the result of abundance matching against Mpeak instead of Vpeak. As a reference, contribution from
central-central pairs is shown as dashed lines. Numbers in parenthesis indicate the satellite fractions (11.1% for Vpeak and 9.5% for Mpeak).

Fig. 5.— Halo mass histogram from the abundance-matched
CMASS mock galaxies at low (0.425 < z < 0.465), median
(0.545 < z < 0.585), and high (0.665 < z < 0.705) redshift (solid
blue, red and green bars, respectively). For reference, the collapse
mass at the MDR1’s output redshift, log Mcol(z = 0.534) = 11.73,
is indicated by a black solid vertical line. Dashed bars shows his-
tograms for the age-matching case (µCMASS = 0.5).

central galaxies does not approach unity due to incom-
pleteness in the SMF at high mass end (see the magenta
curve in the right panel of Figure 1). In the middle red-
shift range at z = 0.565 where the CMASS dn/dz has a
peak, the HODs between our and R14 cases looks more
similar than the low redshift one, but there is still a dis-
crepancy in the shape of ⟨Ncen⟩ especially at low mass
end. In the highest redshift bin, z = 0.685, the mean oc-
cupation of satellites is lower than R14 simply because of
the stellar mass incompleteness at M∗ [M⊙] ! 11.6 dex
(see the orange curve in the right panel of Figure 1).
THE HOD DOWNSAMPLING WILL BE ADDED

LATER. Our model predicts an evolution the mean halo
mass of CMASS as a function of redshift. More specif-

Fig. 6.— The fractional contribution to zstarve as a function
of Vpeak at z = 0.534 for host (square) and sub (circle) halos.
Our high-mass end is dominated by zchar, while zform has major
contribution at low mass regime as is consistent with Hearin et al.
(2013a).

ically, our models predict that, at z = 0.445, 0.565 and
0.685, the mean halo mass of central CMASS galaxies in
units of [M⊙/h] is 13.12 (13.15), 13.34 (13.35), and 13.66
(13.68) dex for the abundance-matched (age-matched)
cases, respectively. This variation is driven by the fact
that mean stellar mass of the sample varies with redshift
as clearly seen in the right panel of Figure 1. These val-
ues are compared with the HOD result, 13.52 dex, which
is higher (lower) than our results at low (high) redshift.
In addition, our models predict that the CMASS satel-
lite fraction varies with redshift roughly from 12% to
9%, as shown in Figure 10. While this might seem like
a small and negligible variation, the fiducial HOD from
R14 constrains the satellite fraction to 6.8 percent. It is
interesting to see that the value inferred from the single
HOD fit in R14 is consistent with our values at z ∼ 0.6

HOD
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But …fails for 3D Clustering Signal
✦ The measurements show NO redshift evolution

Monopole Quadrupole

✦ Our “Stochastic Color” model
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Failure of “Stochastic Color” model
✦ “Stochastic Color” model is highly ruled out by the data  
    - CMASS SMFs show a higher         at higher redshift  
    - therefore,           also evolves with time 
    - However, data shows NO redshift evolution

✦ Next step:  
    - There must be an effect which can compensate the evolution  
    - At fixed stellar mass, introduce correlation galaxy color with  
        ＊ halo formation epoch (or age)  
        ＊ halo recent merger  
        ＊ local density (or environment) 
    - Goal: explain DR12                               & lensing (Alexie’s talk)
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Conditional SHAM: Age Matching
✦ At fixed stellar mass, “a redder galaxy tends to be hosted by an older halo”

Hearin et al. (2013)

✦ The effect of assembly bias depends on definition of formation timeCMASS SHAM 13

Fig. 7.— Impact of age matching (AgM) on wp in the extreme
case where CMASS galaxies are completely red (µCMASS = 10).
Rank ordering is performed versus zform (blue), zstarve (green) and
zchar (cyan). For comparison, we also show the best-fit from the
AbM result (red), where the correlation between CMASS color and
subhalo age is completely stochastic. Note that this is just an ex-
periment to study the impact of AgM at massive end. Dashed lines
show the contribution to wp from central-central pairs. Numbers
in parenthesis indicate satellite fractions.

but that not at lower redshifts.
In conclusion, our work suggest that CMASS is a com-

plex sample for which the HODs are likely to vary with
redshift in a non-trivial manner. A single HOD fit to
the overall wp broadly agrees with the predictions from
our model at the median redshift of the sample. How-
ever, at lower and higher redshifts, our model predicts
that HODs are not simple down-sampled versions of the
HOD at the peak of the dn/dz.

7.2. A Cautionary Tale of Modeling Small Scale
Statistics

Many past studies have used a combination of galaxy
abundances and the projected galaxy two-point correla-
tion function in order to constrain the galaxy-halo con-
nection (e.g., Leauthaud, Coupon, Yin Li 2015). How-
ever, just because SHAM or HOD models can repro-
duce these observables does not necessarily imply that
the models accurately capture the true underlying galaxy
halo connection. In other terms, just because the model
provides a good fit to the data does not necessarily im-
ply that the model is correct. A clear illustration of this
in the context of mock galaxy samples with strong as-
sembly bias is discussed in Zentner et al. (2014). In this
paper, we have studied two distinct models: standard
abundance matching and age matching, abbreviated by
AbM and AgM, respectively. We have shown that both
models can reproduce the galaxy SMF as well as wp, sug-
gesting that there are fundamental degeneracies among
traditional HOD model, the AbM and the AgM models
in explaining only the SMF and wp. This naturally leads
us to two interesting and inter-related questions.

1. How well do these models predict other statistics
derived from the data?

2. Are there other statistics which can distinguish be-
tween these two distinct models?

Instead of considering just the projected correlation
function, we turn our attention to the multipoles of the
full 2D correlation function. Figure 11 shows the pseudo
multipoles (see Section 3) for our best-fitting AbM and
AgM models. The left panel of Figure 11 demonstrates
that both models fail dramatically to reproduce the pseudo
multipoles even though both models provide a satisfac-
tory description of wp. There are two main reasons
why our models may fail to reproduce the multipoles:
1) both models may not be capturing the true under-
lying connection between galaxy mass, halo mass, and
galaxy color or 2), there may be additional effects that
come into play that affect the pseudo-multipoles more
strongly than wp. Indeed, one important way in which
the pseudo-multipoles and wp differ is that the pseudo-
multipoles are more sensitive to galaxy velocities (see e.g.
Reid et al. 2014; Guo et al. 2014). We will now argue
that 1) is in fact the most likely scenario.
There are three main ways in which we could imagine

adjusting these models in order to simultaneously fit the
pseudo-multipoles in addition to wp: 1) the velocities of
satellites may differ from those of subhalos, 2) the central
galaxy may have an extra velocity dispersion compared
to the velocity of the halo core, and 3) a different cos-
mology (i.e., different fσ8). The impact of these three
effects on the pseudo-multipoles have already been ex-
plored by R14. The middle and right panels of Figure
11 compares the monopole and the quadrupole predicted
by the AbM model to the best-fitting model in HOD in
R14 and to measured values from BOSS DR10. We also
show variations around the R14 fiducial model for these
three distinct velocity effects. Blue lines show the case
when the mean infall velocity of halo core, which is pro-
portional to fσ8, is varied. Green lines demonstrate the
Finger-of-God effect owing to the velocity bias in satellite
galaxies where γIHV is defined by the ratio of the velocity
dispersion in satellite galaxy to that in dark matter par-
ticles. Cyan line illustrates the impact of the additional
velocity dispersion in central galaxies. The amount of
these variations are motivated by constraints from the
observations or hydrodynamical simulations. As can be
seen in these panels, these variations are much smaller
than the difference between the DR10 data and the AbM
model, implying that just adjusting velocity components
in our AbM mock is unlikely to reproduce the measure-
ment.
In conclusion, we argue that both of our models are

probably failing to capture the true underlying connec-
tion between halo mass, galaxy mass, and galaxy color.
Hence, our paper provides a clear cautionary example
of the limitation of inferring the galaxy-halo connection
from the projected correlation function alone. It is also
clear from Figure 11 that the pseudo-multipoles contain
additional information not captured by wp and that these
may represent a powerful and under-utilized tool to pro-
vide additional constraints on the galaxy-halo connec-
tion. These aspects will be explored in greater detail in
a forthcoming paper.

7.3. What Determines Color in the Most Massive
Galaxies?

One of the main goals of this paper is to under-
stand the connection between halo properties and the
colors of very massive galaxies. As shown in Figure 5,

12 Saito et al.

Fig. 4.— Our best fit to the SMF (left) and to wp ((right). The goodness of fit is ∆χ2 = (4.55+11.43)/(26−3) = 0.694. The best fitting
parameters are (φ1, log10 M0,σ) = (1.86× 10−3, 10.89, 0.105). Note that we fix the parameters that govern the low mass end of the SMF
(α1,φ2,α2) = (−0.46, 3.0× 10−4,−1.58). (Left): best-fitting double Schechter function (dotted) convolved with log-normal scatter (solid)
compared to the measured SMF (black squares). The (fixed) φ2 term is shown as a dashed curve. (Right): comparison of our best-fit (red
line) with wp. The blue line shows the result of abundance matching against Mpeak instead of Vpeak. As a reference, contribution from
central-central pairs is shown as dashed lines. Numbers in parenthesis indicate the satellite fractions (11.1% for Vpeak and 9.5% for Mpeak).

Fig. 5.— Halo mass histogram from the abundance-matched
CMASS mock galaxies at low (0.425 < z < 0.465), median
(0.545 < z < 0.585), and high (0.665 < z < 0.705) redshift (solid
blue, red and green bars, respectively). For reference, the collapse
mass at the MDR1’s output redshift, log Mcol(z = 0.534) = 11.73,
is indicated by a black solid vertical line. Dashed bars shows his-
tograms for the age-matching case (µCMASS = 0.5).

central galaxies does not approach unity due to incom-
pleteness in the SMF at high mass end (see the magenta
curve in the right panel of Figure 1). In the middle red-
shift range at z = 0.565 where the CMASS dn/dz has a
peak, the HODs between our and R14 cases looks more
similar than the low redshift one, but there is still a dis-
crepancy in the shape of ⟨Ncen⟩ especially at low mass
end. In the highest redshift bin, z = 0.685, the mean oc-
cupation of satellites is lower than R14 simply because of
the stellar mass incompleteness at M∗ [M⊙] ! 11.6 dex
(see the orange curve in the right panel of Figure 1).
THE HOD DOWNSAMPLING WILL BE ADDED

LATER. Our model predicts an evolution the mean halo
mass of CMASS as a function of redshift. More specif-

Fig. 6.— The fractional contribution to zstarve as a function
of Vpeak at z = 0.534 for host (square) and sub (circle) halos.
Our high-mass end is dominated by zchar, while zform has major
contribution at low mass regime as is consistent with Hearin et al.
(2013a).

ically, our models predict that, at z = 0.445, 0.565 and
0.685, the mean halo mass of central CMASS galaxies in
units of [M⊙/h] is 13.12 (13.15), 13.34 (13.35), and 13.66
(13.68) dex for the abundance-matched (age-matched)
cases, respectively. This variation is driven by the fact
that mean stellar mass of the sample varies with redshift
as clearly seen in the right panel of Figure 1. These val-
ues are compared with the HOD result, 13.52 dex, which
is higher (lower) than our results at low (high) redshift.
In addition, our models predict that the CMASS satel-
lite fraction varies with redshift roughly from 12% to
9%, as shown in Figure 10. While this might seem like
a small and negligible variation, the fiducial HOD from
R14 constrains the satellite fraction to 6.8 percent. It is
interesting to see that the value inferred from the single
HOD fit in R14 is consistent with our values at z ∼ 0.6

✦ 3 components in zstarve  

     - zform: (sub)halo’s concentration  
   - zchar: when a (sub)halo get mass of 1012 Msun 
   - zacc: when a subhalo accreted onto its host halo 

c.f., Miyatake et al. (2015)
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Velocity effect
✦ Should be careful on “velocity” to model redshift-space clustering 

✦ Difference b/w our SHAM model & HOD (Reid et al. 2014) 
    1) velocity of central 
        Rockstar: core velocity defined within [0-0.1] rvir  

        SO halos: core velocity defined within [0.06-0.33] rvir 

            c.f.) Guo et al. (2014): defined within [0-0.25] rvir + velocity bias 
 

    2) velocity of satellites 
        SHAM: the same as central 
        Reid et al. (2014): velocity of DM

488 B. A. Reid et al.

Figure 10. The rms velocities as a function of halo mass for the two central
velocity definitions (‘DENS’ in red and ‘COMV’ in green), as well as their
difference (blue). The solid lines are derived from the HiRes simulation
while dashed lines are from the MedRes simulation. The difference between
those vectors has a magnitude consistent with [0.3 ± 0.02]σ vir, shown by
the cyan curves.

galaxies, and the intrahalo velocity component for satellite galaxies
is defined with respect to this halo velocity. The first choice is
to simply average the velocities of all the halo members, denoted
vCOMV, for centre-of-mass velocity. The dispersion of halo member

velocities around the centre-of-mass velocity is

σvir = 2.79 h−1 Mpc
(

M

1013h−1M⊙

)0.331

, (16)

fit to haloes in the HiRes box; the HiRes and MedRes disper-
sions agree within 2 per cent with this relation, the LowRes box
within 5 per cent. The three are in per cent level agreement above
1014h−1M⊙. Therefore, within the range accessible to this study,
the intrahalo velocity dispersions are independent of both cosmol-
ogy and simulation resolution within a few per cent, at fixed SO
halo mass. The green curves in Fig. 10 show that the rms centre-of-
mass halo velocity σ COMV is remarkably independent of halo mass
(within 2 per cent of 3.57 h−1 Mpc for 1012 − 15h−1M⊙ haloes in
the HiRes box). The MedRes σ COMV is lower by a factor of 1.016,
in reasonable agreement with the linear theory expectation of 1.021
given the ratio of the values of fσ 8 for the two boxes.

The second central velocity definition, vDENS, was defined pre-
cisely in Section 2.4, and the sensitivity to this definition is explored
in more detail in Appendix B. Note that in both catalogues we use
that same density peak to define the halo centre, where we place the
‘central’ galaxy, so positions in the two halo catalogues we com-
pare are identical; only the ‘central’ galaxy velocities are different.
Fig. 10 shows that the magnitude of vDENS rises with halo mass. If
we consider the difference vector vCOMV − vDENS, we get the blue
curves in Fig. 10. We see that |vCOMV − vDENS| depends on mass
in the same way as the halo virial velocity (equation 16), but the
magnitude is smaller by a factor of 0.3.

Fig. 11 illustrates these velocity vectors in the local environment
of the largest halo in the HiRes simulation, which has Mhalo = 1.3 ×
1015 h−1 M⊙. The real space coordinates have been shifted to place
the halo at the (0,0) and projected into the plane defined by vDENS

(blue) and vCOMV (magenta). In the left-hand panel, we take a |"z|<

Figure 11. Left: a |"z| < 4 h−1 Mpc slice through the HiRes simulation box, centred on the largest halo in the box with M = 1.3 × 1015 h−1 M⊙. The green
(red) dots indicate the positions of haloes of mass M > 1012 (1013) h−1 M⊙, where all positions have been projected into the plane determined by the vectors
vDENS (blue) and vCOMV (magenta). The black arrows indicate the velocity of each halo (in distance units) relative to vCOMV, so that the central halo centre of
mass is at rest. Right: a zoomed-in version of the left-hand panel with the log of the matter density overplotted along with the central halo virial radius rvir =
2.7 h−1 Mpc. The matter velocity field is overplotted in black alongside the haloes; the velocity vectors in this panel were scaled down by a factor of 20 for
visualization purposes. The central cyan vector shows vDENS − vCOMV, scaled down by a factor of only 2 (so expanded by a factor of 10 compared to the other
vectors). The inward flow from the upper-left corner pushes vCOMV along the +êx compared with vDENS. The clear correlation between the density field and
central galaxy velocity will be imprinted differently on ξ̂0,2 than if vDENS−vCOMV were randomly oriented.

MNRAS 444, 476–502 (2014)

 at U
niversity of Tokyo Library on January 5, 2015

http://m
nras.oxfordjournals.org/
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✦ hydro simulation 
    But I suggest to look at pairwise velocity

Wu et al. (2014)

Scoccimarro (2004), Reid & White (2012)
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Color and Redshift-dependent 3D clustering

Prelim
inary!
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Summary
✦ A realistic model of the CMASS-Halo connection is essential

✦ The CMASS SMFs in S82MGC varies as a function of z,  
    therefore a simple SHAM (‘Stochastic Color’) model is ruled out

✦ Hope is a conditional SHAM such as age matching by introducing  
    correlation b/w galaxy color & halo formation epoch

✦ However, there are caveats at massive end: 
    - no unique definition of “halo age”  
    - ambiguity to define “velocity” of subhalo (or galaxy)

Stay Tuned!


