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Cosmology BEYOND BAO
✦ Galaxy traces underlying matter: 
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図 3. ニュートリノのフリーストリーミングの概念図．
大規模構造を形成する物質の要素，冷たいダー
クマター (CDM)，バリオン (b)に比べて，軽い
ニュートリノ (ν) は速度分散が大きいためにフ
リーストリーミングスケール (λFS) より小さい
スケールにはとどまることができない．従って，
λFS 以下のスケールの構造の成長は，ニュートリ
ノが重力として寄与しない分，ニュートリノ質量
が 0 の場合に比べて抑制される．

ラスタリング分布に焦点を絞り，筆者のグループ
が行ってきた，銀河クラスタリング分布の非線形
進化に対する有質量ニュートリノの影響，さらに
はそれから得られるニュートリノ質量の制限にお
ける研究について議論しよう．

4. 銀河のクラスタリング分布を用いた
ニュートリノ質量の制限

4.1 銀河サーベイの利点と理論的課題
まず銀河のクラスタリング分布を測定するよ

うな大規模な銀河の分光サーベイについて述べ
ておこう．近年，アメリカを中心とした Sloan
Digital Sky Survey (SDSS)，オーストラリアの
WiggleZ，日本のすばる望遠鏡を用いた将来計画
Subaru Measurements of Imaging and Redshift
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図 4. 線形理論により予言される物質ゆらぎのパワース
ペクトル (破線) と，SDSS 赤色銀河で測定され
た銀河のパワースペクトル (データ点)．参考のた
め，ニュートリノ質量が 0 の場合 (黒の破線) と
ニュートリノが質量をもつ場合 (0.1eV，青の破
線) の両方を示した．

(SUMIRe)の分光計画であるPrime Focus Spec-
trograph (PFS)，さらには将来の衛星計画である
WFIRST等，盛んに銀河分光サーベイが提案さ
れているが，その主な目的はバリオン振動の高精
度測定によってダークエネルギーの性質に迫るこ
とである．バリオン振動スケールとは，CMBで
測定されている初期宇宙の光子・バリオン流体の
音速ホライズンスケールであり，これを宇宙膨張
を測定するためのロバストな標準ものさしとして
用いることで宇宙膨張の様子を知ろうというので
ある．銀河のクラスタリング分布に現れるバリオ
ン振動スケールは約 150Mpcという非常に大きな
スケールなので，測定には非常に大規模なサーベ
イが必要になるが，非常に興味深いのは，ニュー
トリノのフリーストリーミングスケールが偶然に

*5 厳密には各世代の質量固有値のニュートリノ質量それぞれに対してニュートリノのフリーストリーミングスケールは異
なるので，各世代のニュートリノ質量を決定することが原理的には可能である．しかし，現実的にはニュートリノ振動
実験の結果を信じれば，各世代間の質量差は非常に小さく，それによる各ニュートリノのフリーストリーミングスケー
ルにおける違いも非常に小さい．
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Halo bias is hopefully predictable!

✦ Even nonlinear bias, bX(Mhalo), could be modeled based on physics.

SS, Baldauf, Vlah, Seljak, Okumura, McDonald (2014)

these correlations affect estimation of cosmological
parameters of interest and will be addressed in future
work.
Finally, we make a comparison between our b3nl mea-

surements with a theoretical prediction in order to make
sure if our results are physically expected. For this purpose,
we compare our results with the prediction, Eq. (42), in the
simple coevolution picture (or the local Lagrangian bias) as
discussed in Sec. II D. The cyan horizontal (vertical) line in
each panel of Fig. 2 (Figs. 6–8) is already drawn, and the
left panel of Fig. 9 summarizes such a comparison which
includes both second- and third-order nonlocal bias param-
eters as a function of the linear bias b1. Notice that it is
not clear if our measured b1 truly corresponds to bE1 [see
Eq. (43)] but we here simply assume b1 ≃ bE1 for simplicity.
As clearly seen in Fig. 9, overall agreement in third-order
nonlocal bias is as good as that in second-order, although
the agreement is apparently not perfect. Also, the b3nl value
at mass bin IV of z ¼ 0.5 exceptionally deviates from the
coevolution prediction. As we discussed above, however,
the value preferred from the power spectrum only is more
consistent with the coevolution prediction (see green dotted
line in Fig. 8). Again, this difference comes from the fact
that the mass bin IVof z ¼ 0.5 prefers larger b2 which more
affects the power spectrum and the bispectrum than the
nonlocal bias terms. There are several sources which could
make the prediction different from the local Lagrangian
bias as we will discuss in the following section. However,
it is worth mentioning that our b3nl measurement is not far
from the coevolution prediction which is one of the
simplest physical models one thinks of. This fact also
implies an evidence of the third-order nonlocal bias
term. In the right panel of Fig. 9, we also compare our
measurements of the second-order local bias b2 from the
joint fit with theoretical prediction that is based on the

peak-background split (PBS) with the universal mass
function (see Appendix D in detail). Clearly seen from
the figure, the measured b2 values are systematically lower
than the theoretical predictions at fixed b1, while the
characteristic dependence on b1 is qualitatively similar.
Note that it is a coincidence that two points around b1 ∼ 4
look in a perfect agreement with the prediction, since they
deviate from predictions in ðb1;MhaloÞ or ðb2;MhaloÞ plane.

V. SUMMARY AND DISCUSSION

The nonlocality of halo bias is naturally induced by
nonlinear gravitational evolution as suggested by recent
studies. In this paper we study how well the PT model
including nonlocal bias effects perform against the halo
statistics simulated in N-body simulations in a ΛCDM
universe. For this purpose we first revisit the bias renorm-
alization scheme proposed by [51] and show that, while the
leading-order bispectrum requires only one second-order
nonlocal bias term, bs2 [see Eq. (31)], the power spectrum
at next-to-leading order demands an additional nonlocal
bias term, b3nl, associated with the third-order perturbation
[see Eq. (12)]. We extend this model to the power spectrum
between halo density and matter momentum, and show that
there is an exactly same correction of the b3nl term in this
case as well [see Eq. (30)]. The fact that we only need one
additional nonlocal bias even at third order may sound
surprising. However, we argue that this is actually expected
since the symmetry in gravity basically restricts the allowed
functional form of nonlocal terms. In order to confirm this,
we show that the PT kernel in the b3nl term exactly matches
to the solution in a simple coevolution picture between dark
matter and halo fluids (see discussion in Sec. II D). Also,
this circumstance evidence becomes even much clearer
when the solution in coevolution picture is found out to be

FIG. 9 (color online). (Left) nonlocal bias values at second and third orders as a function of the linear bias parameter. Each point is
taken from the result in the joint fit of the power spectrum and the bispectrum. Both of them are compared with the values expected from
the local Lagrangian bias in the simple convolution picture (dashed lines). (Right) second-order local bias bias b2 against b1. Again each
point is obtained from our joint fit. For comparison, we draw theory lines which is based on the peak-background split with the universal
mass function (see text in detail). Note that the range of these lines are limited since we here consider relevant halo mass range
only (0.6≲Mhalo½1013M⊙=h% ≲ 21).
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Understanding higher-order nonlocal halo bias at large scales by combining
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Understanding the relation between underlying matter distribution and biased tracers such as galaxies or
dark matter halos is essential to extract cosmological information from ongoing or future galaxy redshift
surveys. At sufficiently large scales such as the baryon acoustic oscillation (BAO) scale, a standard
approach for the bias problem on the basis of the perturbation theory (PT) is to assume the “local bias”
model in which the density field of biased tracers is deterministically expanded in terms of matter density
field at the same position. The higher-order bias parameters are then determined by combining the power
spectrum with higher-order statistics such as the bispectrum. As is pointed out by recent studies, however,
nonlinear gravitational evolution naturally induces nonlocal bias terms even if initially starting only with
purely local bias. As a matter of fact, previous works showed that the second-order nonlocal bias term,
which corresponds to the gravitational tidal field, is important to explain the characteristic scale-
dependence of the bispectrum. In this paper we extend the nonlocal bias term up to third order, and
investigate whether the PT-based model including nonlocal bias terms can simultaneously explain the
power spectrum and the bispectrum of simulated halos in N-body simulations. The bias renormalization
procedure ensures that only one additional term is necessary to be introduced to the power spectrum as a
next-to-leading order correction, even if third-order nonlocal bias terms are taken into account. We show
that the power spectrum, including density and momentum, and the bispectrum between halo and matter in
N-body simulations can be simultaneously well explained by the model including up to third-order
nonlocal bias terms at k≲ 0.1h=Mpc. Also, the results are in a good agreement with theoretical predictions
of a simple coevolution picture, although the agreement is not perfect. These trend can be found for a wide
range of halo mass, 0.7 ≲Mhalo½1013M⊙=h" ≲ 20 at various redshifts, 0 ≤ z ≤ 1. These demonstrations
clearly show a failure of the local bias model even at such large scales, and we conclude that nonlocal bias
terms should be consistently included in order to accurately model statistics of halos.

DOI: 10.1103/PhysRevD.90.123522 PACS numbers: 98.65.Dx, 95.35.+d, 98.80.Es

I. INTRODUCTION

Precise observation of the early universe has been well
established by measurements of temperature and polariza-
tion anisotropy of the cosmic microwave background
(CMB) such as Wilkinson Microwave Anisotropy Probe
(WMAP) [1–3] or Planck [4]. Now we enter a new era of
precision cosmology by getting in hand various kinds of
large-scale structure measurements in late-time universe,
mainly aiming at unveiling dark universe (see [5] for a
recent review). In particular, clustering of galaxies in a three
dimensional map of the Universe offers us a lot of fruitful
cosmological information via the baryon acoustic oscilla-
tions (BAOs), redshift-space distortion (RSD), or the shape

of galaxy clustering statistics such as the power spectrum
and the bispectrum (for an encompassing review, see [6]).
As a matter of fact, recent works by Baryon Oscillation
Spectroscopic Survey (BOSS) [7] in Sloan Digital Sky
Survey III (SDSS-III) [8] or WiggleZ survey [9] have
already accomplished very accurate measurements of such
signals [10–24]. Planned or near-future galaxy redshift
surveys, which include Subaru Prime Focus Spectrograph
(PFS) Survey [25], Hobby-Eberly Telescope Dark Energy
Experiment (HETDEX) [26], Dark Energy Spectroscopic
Instrument (DESI) [27] and Euclid [28], will continue to
improve measurement accuracy at various redshift and
scales.
In order to unlock the full potential of cosmological

information in the galaxy clustering, it is essential to
understand the relation between underlying matter*shun.saito@ipmu.jp

PHYSICAL REVIEW D 90, 123522 (2014)
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 Galaxy has a broad distribution 
✦ Should know Mhalo distribution  
  - broad range of Mhalo

✦ Galaxy evolution science  
  - Stellar Mass vs Halo Mass 
  - Color (SFR) vs Halo Assembly

18 J. Coupon et al.

Figure 10. The best-fit M⋆ − Mh relationship for central galaxies, shown in the black shaded area (total-error based 68% confidence
limits), compared with a number of results from the literature at similar redshifts. The results shown here represent the mean stellar
mass at fixed halo mass or halo-mass proxy (X-ray temperature or satellite kinematics), ⟨M⋆|Mh⟩, but plotted Mh as function of M⋆ to
ease the comparison with the literature. We perform appropriate halo mass conversions and IMF stellar mass corrections when required.
The length of the grey arrow in the bottom right corner shows the shift (∼ 0.2 dex) measured from the direct comparison between stellar
masses used in Leauthaud et al. (2012) and George et al. (2011), compared to those in Ilbert et al. (2010) which were estimated in a
similar way to this study. The error bar on the bottom-right corner indicates the typical systematic uncertainty arising from the model.

among widely-used ΛCDM models, the fine-tuning of our
dust extinction law modelling, and potential biases in the
photometry/calibration. We recall that this list of system-
atic uncertainties is not exhaustive and, for example, ignores
the choice of SPS models, which may be responsible for even
larger systematic effects. An estimate of the systematic er-
rors from the model, as detailed in Section 4.5, is also shown
in the bottom-right corner.

Behroozi et al. (2013), shown as the light-blue shaded
area, put constraints on the M⋆ −Mh relationship by popu-
lating dark matter halos in simulations and comparing abun-
dances using observed stellar mass functions from a number
of surveys. They characterised the uncertainties affecting
stellar mass estimates by accounting for a number of system-
atic errors. In particular, unlike in our systematic errors, the
authors had to include uncertainties arising from the choice
of the IMF and the SPS galaxy templates, necessary when
combining the stellar mass functions from several works us-
ing different stellar mass measurement methods. Here we
consider their results at z ∼ 1. A significant difference with
our model resides in the assumption that satellite galaxies
in larger halos are seen as central galaxies in sub-halos. To
circumvent the difficulty of accurately predicting a sub-halo

mass function (e.g. complications from tidal stripping), the
galaxies in sub-halos at the time of interest are matched to
their progenitors at the time of merging onto the central
galaxy halo, under the assumption that the M⋆−Mh evolu-
tion at a given stellar mass is identical whether the host halo
is isolated or inside a larger halo. In comparison, our model
is a “snapshot” of the galaxy halo occupation at a given
time, where the satellite distribution is mainly constrained
by galaxy clustering.

The results from Leauthaud et al. (2012) in COSMOS
are shown in brown and green at redshifts z ∼ 0.6 and
z ∼ 0.9, respectively. We observe a small discrepancy which,
compared to our results, is unlikely to be explained by dif-
ferences in the modelling of the HOD (since the model is
essentially identical), nor the sample variance as confidence
limits do not overlap. A difference in stellar mass estimates
on the other hand is more likely to be at the origin of the
discrepancy. To check this hypothesis, we have compared
the stellar mass estimates from Ilbert et al. (2010), which
were measured in a similar way to this study, with those
used in Leauthaud et al. (2012) with the method described
in Bundy et al. (2006). We measured an offset of ∼ 0.2 dex,
illustrated in Fig. 10 as the grey arrow. Part of the difference

c⃝ 2014 RAS, MNRAS 000, 1–31

12 Saito et al.

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

Coupon++(2015)

✦ Stellar-to-Halo-Mass Relation (SHMR)  
  - tight correlation b/w M＊ & Mhalo 

   - desirable to obtain  
         Stellar-Mass-Limited Sample 
                                               & 

            halo-galaxy relationship

✦ Necessary to construct mocks
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The BOSS CMASS sample
✦ The Baryon Oscillation Spectroscopic Survey (BOSS) 
    - a part of SDSS-III (2009-2014)  
    - Two main cosmological samples: LOWZ (z~0.32) & CMASS (z~0.57)

✦ CMASS : “Constant Stellar Mass” sample 
   - redshift range: 0.43 < z < 0.70 
   - DR12: 836,347 galaxies over 10,252 deg2  
   - designed to be complete at   
   - not all dead and red 
         - ~25% has a SF disk 
         - ~37% belongs to an intrinsically blue cloud

Maraston et al. (2013)

✦ Stripe82 Massive Galaxy Catalog (S82-MGC) 
   - SDSS Co-Adds photometric catalog (~2mag deeper) over 139.4 deg2 
   - Combined with UKIDSS NIR bands, obtained more robust M* estimates

Eisenstein et al. (2011)

Bundy et al. (in prep)

Masters et al. (2011)
SF disks

Montero-Dorta et al. (2014)



✦ How it works: 
       1) assume a functional form P(Ngal|Mhalo) for central and satellite HODs  
       2) determine the HOD parameters to reproduce  
           or 3D correlation function or gal-gal lensing 
       3) randomly down sample to reproduce dn/dz 

6

Halo Occupation Distribution
✦ The most popular method to link galaxies with halos. 

✦ focus on modeling the full CMASS sample.  
   c.f.) for subsample, see Miyatake et al. (2015), More et al. (2015), Guo et al. (2013,2014) etc

Berlind & Weinberg (2002) etc

4 Saito et al.

3.1. The CMASS Two-Point Correlation Function

In this paper we use the DR10 projected two-point cor-
relation function, wp, and the monopole and quadrupole

of the correlation function, ξ̂ℓ, and the associated covari-
ance matrix determined by R14. We only give a brief
summary of how these measurements were performed
and we refer the reader to R14 for additional details. The
two-dimensional redshift-space correlation function ξ(s)
is measured using the Landy-Szalay estimator Landy &
Szalay (1993):

ξ(s) =
DD(∆s)− 2DR(∆s) +RR(∆s)

RR(∆s)
, (3)

where DD, DR, and RR are the data-data, data-
random, and random-random pairs in a given bin [s −
∆s/2, s+∆s/2]. The randoms account for the survey ge-
ometry and for the completeness factor which depends on
angular position and a radial selection function, dn/dz.
The correlation function is integrated over the line-of-
sight separation to obtain the projected correlation func-
tion Davis & Peebles (1983),

wp(rp) = 2

∫ rπ,max

0
drπ ξ(rp, rπ), (4)

where the three-dimensional pair separation s in redshift
space is split into a component transverse (rp) and paral-
lel (rπ) to the line-of-sight direction. The integral is per-
formed to rπ,max = 80Mpc/h and wp is measured from
0.194 Mpc/h to 25.98 Mpc/h with 18 equally spaced log-
arithmic bins. The advantage of using the projected cor-
relation function is that it is less sensitive than ξ(s) to the
effects of galaxy peculiar velocities. Note that, however,
we do account for the RSD effect (van den Bosch et al.
2013) in our modeling through the velocity of subhalos
(see next section). The projected two-point correlation
function is measured separately for the NGC and the
SGC and these measurements are combined using a sim-
ple average, weighted by the number of CMASS galaxies
in each hemisphere.
The wp measurement from R14 does not use the opti-

mal weights (the so-called “FKP” weights), or the sys-
tematic weights. The systematic weights affect large
scales and hence are not relevant for our small-scale
measurement. Also, this approach enables a more fair
comparison with our measurement of the galaxy stellar
mass function which does not use any weighting scheme.
Weights are applied, however, to account for redshift fail-
ures and for fiber collisions. Fiber collisions are par-
ticularly important for small scale clustering measure-
ments with BOSS – the fiber-collison scale in BOSS is
62 arcsecond which corresponds to a comoving scale of
∼ 0.45Mpc/h at z ∼ 0.57. To complicate matters, the
BOSS tiling strategy also introduces a correlation be-
tween fiber collisions and the density field. R14 studied
the impact of fiber collisions for the CMASS sample us-
ing tiled mock catalogs. They adopted a radial depen-
dent correction scheme in which an angular upweight-
ing method is adopted at rp < 1.09Mpc/h and a near-
est neighbor (NN) weighting scheme is adopted at larger
scales. Finally, the correlation function is debiased for
residual fiber-collision effects using the tiled mock cata-
logs.

The covariance matrix for wp, Cwp,boot, is derived from
5,000,000 realizations drawn from 200 bootstrap regions
which are roughly equal in size and shape. An addi-
tional 10% uncertainty due to the angular upweighting
method and the debiasing procedure are propagated into
the diagonal element of the covariance matrix. As a re-
sult, the measurement error on wp increases below rp =
1.09Mpc/h. Finally, the inverse covariance matrix is cor-
rected following Hartlap et al. (2007). With nboot = 200
and nbin = 18, this leads to a 0.904 correction to the final
inverse covariance matrix, C−1

wp,meas = 0.904C−1
wp,boot

.
In addition to wp, we will also use the monopole

and quadrupole of the correlation function which con-
tain information about the peculiar velocities of galax-
ies. Again, following R14, we adopt the pseudo multipole
correlation function defined by

ξ̂ℓ(s) = (2ℓ+ 1)

∫ µmax(s)

0
dµ ξ(s, µ)Lℓ(µ), (5)

where s2 = r2p + r2π, µ = rπ/s, and Lℓ(µ) is the ℓ-th
order Legendre polynomial. The integration over the az-
imuthal angle µ is performed up to µmax(s) ≡ 0.534/s
in order to minimize the impact of fiber collisions on the
small-scale measurements. We refer the reader to R14
for further details.

3.2. The Total Stellar Mass Function at z = 0.55

As shown in Leauthaud et al. (in prep), the CMASS
sample is only stellar mass complete at the very high
mass end and in a narrow redshift range. To perform
abundance matching, however, we need to measure the
total SMF as well as the fraction of CMASS galaxies as
a function of stellar mass and redshift. Indeed, for abun-
dance matching a complete galaxy sample is necessary
when rank ordering galaxies versus halos.
Bundy et al. (in prep) present an estimate of the to-

tal SMF at z ∼ 0.5 by using the s82-mgc catalog which
extends ∼ 2 magnitudes fainter than the SDSS single
epoch imaging data (Reis et al. 2012; Jiang et al. 2014).
In order to compute the total SMF, Bundy et al. (in
prep) use a combination of spectroscopic redshifts, sup-
plemented with photometric redshifts (photo-z’s) when a
spectroscopic redshift is not available. We adopt a simi-
lar approach and compute the total SMF from the s82-
mgc at log10(M∗/M⊙) > 10.5 over 0.43 < z < 0.70. Our
analysis assumes that the total SMF does not vary over
this redshift range. The result is shown in Figure 1. Er-
ror bars on SMF represent the square root of the diagonal
component of the covariance matrix which is estimated
from the data using 214 nearly-equal area bootstrap re-
gions.
The left panel of Figure 1 shows a comparison between

our SMF with results from COSMOS (Leauthaud et al.
2011) and PRIMUS (Moustakas et al. 2013) at similar
redshifts. As can be seen in Figure 1, because of the large
area covered by Stripe 82, the high mass end of the total
SMF is tightly constrained at log10(M∗/M⊙) > 11.3 over
0.43 < z < 0.70 while COSMOS and PRIMUS constrain
the low mass end. The comparison with COSMOS and
PRIMUS suggests that the s82-mgc is roughly complete
to log10(M∗/M⊙) ∼ 11.2.
To perform abundance matching, we need to evaluate

the total SMF over the entire mass range covered by the
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Figure 17. The best-fitting model using the ‘MedRes0’ box, fixing γ IHV = 1 and γ cenv = 0 compared to our measurements for wp, ξ̂0,2, and ξ0, 2 (bottom first
column of Table 4). In the second two panels ξ̂2 and ξ2 measurements are indicated with an X, and the model predictions with green curves instead of blue,
since ξ0 and ξ2 cross on small scales. The varying parameters took best-fitting values fσ 8 = 0.452, Mmin = 1013.011 h−1 M⊙, Mcut = 1013.159 h−1 M⊙, M1 =
1014.068 h−1 M⊙, α = 0.89, σlog10 M = 0.358. This HOD has n̄HOD = 4.23 × 10−4 (h−1 Mpc)−3 and fsat = 10.4 per cent. The best-fitting χ2 values are listed
in the first lower column in Table 4. This best-fitting model is derived by fitting only the first nine bins of wp and ξ̂0,2, but also provides a good fit to ξ0, 2, for
which χ2 = 20.9 for 20 measurement bins. Compared to the best fit with γ HV = 1 (fσ 8 = 0.472), the fit to the quadrupole on large scales is improved. Our
last 1.5 bins overlap with the smallest bins in the large-scale RSD analysis in Reid et al. (2012) and Samushia et al. (2013) and our best-fitting fσ 8 values are
nearly identical.

between the two independent measurements is 1.9σ , which we take
to be reasonable agreement since we have not included a mod-
elling systematics error budget. Despite the dominance of satellite
galaxies on the observed anisotropies (Fig. 13), there is still ample
information on the rate of structure growth on these smaller scales
where the clustering signal is strong and well measured, resulting
in a factor of 2.5 reduction in uncertainty on fσ 8 compared with
our DR11 large-scale RSD analysis. In Fig. 17 we show the the-
oretical prediction from the best-fitting model using the MedRes0
box. In this model, fσ 8 = 0.452 and we have held γ IHV = 1 and
γ cenv = 0 fixed. Compared to the best-fitting model with γ HV = 1
(fσ 8 = 0.472) in Fig. 14, the amplitude of ξ 2 on large scales pro-
vides a better fit to the data. These are the same scales dominating
the Samushia et al. (2013) large-scale RSD measurement of fσ 8; the
last ∼1.5 bins overlap between the analyses. The best-fitting models
as a function of fσ 8 have nearly identical behaviour in the first three
bins s < 3 h−1 Mpc, and divide on larger scales, indicating that the
constraint on fσ 8 is driven by the relative amplitudes of ξ̂0 and ξ̂2.
Fig. 17 also shows that even though the model was fit to wp(rσ <

2 h−1 Mpc) and ξ̂0,2, it provides a good fit to wp out to 25 h−1 Mpc
(χ2 = 12.4 for 18 bins), and correctly models scales below the fibre
collision radius, so that ξ 0, 2 is also fit (χ2 = 20.9 for 20 bins).

7.6 Robustness of the fσ 8 constraint to model extensions

The basic redshift-independent HOD model we are using to fit
the CMASS clustering assumes that the observed galaxies are a
subsample of objects defined by those HOD parameters. We enforce
only a broad prior on n̄HOD from the observed CMASS selection
function n̄(z). However, both intrinsic stochasticity in the stellar
mass–halo mass relation and photometric errors in the imaging
catalogue will broaden the distribution of halo masses hosting the
CMASS sample. In order to test our sensitivity to the allowed host
halo mass scatter, we refit our measurements with the n̄HOD prior
shifted to higher values: 4.25 < 104n̄HOD(h−1 Mpc)3 < 4.75. The
results of fits that fix or vary fσ 8 are labelled in Table 4 as ‘high
n̄HOD’. This choice is similar to relaxing our assumption that Ncen(M)
in equation (17) approaches one at large halo masses. Indeed, we

find that this region of HOD parameter space provides a better fit
to the observed clustering (&χ2 ∼ 4). There are small (expected)
shifts in the HOD parameters with the higher n̄HOD prior; most
importantly for our conclusions in this work, the constraint on fσ 8

shifts by only ∼0.5σ . If we completely remove the n̄ prior, the
HOD is limited to 104n̄HOD(h−1 Mpc)3 < 6 as σlog10 M approaches
0, which is an unphysical limit of noisy target selection producing
a precise mass cut in central galaxy host mass. Given our HOD
parametrization, models with higher number density are unable to
generate sufficiently large clustering. Even in this unrealistic case,
the fσ 8 shifts upward compared to our fiducial value by only 1σ .

Both the colour selection and photometric errors in the imaging
used for target selection could result in haloes where the central
galaxy does not pass our target selection cuts, while one or more
satellite galaxies in that halo do pass. To test the impact of such
cases (labelled ‘cen/sat’ test in Table 4), we consider the drastic
case where 20 per cent of centrals in massive haloes are not CMASS
selected galaxies, implemented in our model by simply multiplying
Ncen(M) by 0.8. In contrast to the rest of our analyses, in this test
we do not require a central galaxy in order for a particular halo to
host a satellite galaxy, thus lowering the contribution of ‘one-halo’
central-satellite pairs at fixed HOD parameters. This model provides
a much better fit than our fiducial HOD assumptions (&χ2 = 10.2).
The satellite fraction is larger, n̄HOD in the model moves closer to
the typical n̄ in the sample, and the satellite occupation distribution
steepens. In future work, we hope to explore such model extensions
more generally in concert with a better understanding of the impact
of photometric errors on targeting, as well as redshift evolution
and intrinsic diversity in the CMASS galaxy population. Again, the
important result for this work is that a plausible extension of our
halo occupation modelling can improve the fit, but the constraint on
fσ 8 shifts only slightly.

Next we consider the impact of varying the galaxy intrahalo
velocities through the parameters γ IHV and γ cenv defined in Sec-
tion 6.3. Their impact on the ξ̂0,2 observable is shown in Fig. 18,
holding the HOD parameters fixed to the best-fitting values for
γ HV = γ IHV = 1.0 and γ cenv = 0. Increasing the intrahalo velocity
dispersion lowers the number of pairs at small s separations, while
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3.1. The CMASS Two-Point Correlation Function

In this paper we use the DR10 projected two-point cor-
relation function, wp, and the monopole and quadrupole

of the correlation function, ξ̂ℓ, and the associated covari-
ance matrix determined by R14. We only give a brief
summary of how these measurements were performed
and we refer the reader to R14 for additional details. The
two-dimensional redshift-space correlation function ξ(s)
is measured using the Landy-Szalay estimator Landy &
Szalay (1993):

ξ(s) =
DD(∆s)− 2DR(∆s) +RR(∆s)

RR(∆s)
, (3)

where DD, DR, and RR are the data-data, data-
random, and random-random pairs in a given bin [s −
∆s/2, s+∆s/2]. The randoms account for the survey ge-
ometry and for the completeness factor which depends on
angular position and a radial selection function, dn/dz.
The correlation function is integrated over the line-of-
sight separation to obtain the projected correlation func-
tion Davis & Peebles (1983),

wp(rp) = 2

∫ rπ,max

0
drπ ξ(rp, rπ), (4)

where the three-dimensional pair separation s in redshift
space is split into a component transverse (rp) and paral-
lel (rπ) to the line-of-sight direction. The integral is per-
formed to rπ,max = 80Mpc/h and wp is measured from
0.194 Mpc/h to 25.98 Mpc/h with 18 equally spaced log-
arithmic bins. The advantage of using the projected cor-
relation function is that it is less sensitive than ξ(s) to the
effects of galaxy peculiar velocities. Note that, however,
we do account for the RSD effect (van den Bosch et al.
2013) in our modeling through the velocity of subhalos
(see next section). The projected two-point correlation
function is measured separately for the NGC and the
SGC and these measurements are combined using a sim-
ple average, weighted by the number of CMASS galaxies
in each hemisphere.
The wp measurement from R14 does not use the opti-

mal weights (the so-called “FKP” weights), or the sys-
tematic weights. The systematic weights affect large
scales and hence are not relevant for our small-scale
measurement. Also, this approach enables a more fair
comparison with our measurement of the galaxy stellar
mass function which does not use any weighting scheme.
Weights are applied, however, to account for redshift fail-
ures and for fiber collisions. Fiber collisions are par-
ticularly important for small scale clustering measure-
ments with BOSS – the fiber-collison scale in BOSS is
62 arcsecond which corresponds to a comoving scale of
∼ 0.45Mpc/h at z ∼ 0.57. To complicate matters, the
BOSS tiling strategy also introduces a correlation be-
tween fiber collisions and the density field. R14 studied
the impact of fiber collisions for the CMASS sample us-
ing tiled mock catalogs. They adopted a radial depen-
dent correction scheme in which an angular upweight-
ing method is adopted at rp < 1.09Mpc/h and a near-
est neighbor (NN) weighting scheme is adopted at larger
scales. Finally, the correlation function is debiased for
residual fiber-collision effects using the tiled mock cata-
logs.

The covariance matrix for wp, Cwp,boot, is derived from
5,000,000 realizations drawn from 200 bootstrap regions
which are roughly equal in size and shape. An addi-
tional 10% uncertainty due to the angular upweighting
method and the debiasing procedure are propagated into
the diagonal element of the covariance matrix. As a re-
sult, the measurement error on wp increases below rp =
1.09Mpc/h. Finally, the inverse covariance matrix is cor-
rected following Hartlap et al. (2007). With nboot = 200
and nbin = 18, this leads to a 0.904 correction to the final
inverse covariance matrix, C−1

wp,meas = 0.904C−1
wp,boot

.
In addition to wp, we will also use the monopole

and quadrupole of the correlation function which con-
tain information about the peculiar velocities of galax-
ies. Again, following R14, we adopt the pseudo multipole
correlation function defined by

ξ̂ℓ(s) = (2ℓ+ 1)

∫ µmax(s)

0
dµ ξ(s, µ)Lℓ(µ), (5)

where s2 = r2p + r2π, µ = rπ/s, and Lℓ(µ) is the ℓ-th
order Legendre polynomial. The integration over the az-
imuthal angle µ is performed up to µmax(s) ≡ 0.534/s
in order to minimize the impact of fiber collisions on the
small-scale measurements. We refer the reader to R14
for further details.

3.2. The Total Stellar Mass Function at z = 0.55

As shown in Leauthaud et al. (in prep), the CMASS
sample is only stellar mass complete at the very high
mass end and in a narrow redshift range. To perform
abundance matching, however, we need to measure the
total SMF as well as the fraction of CMASS galaxies as
a function of stellar mass and redshift. Indeed, for abun-
dance matching a complete galaxy sample is necessary
when rank ordering galaxies versus halos.
Bundy et al. (in prep) present an estimate of the to-

tal SMF at z ∼ 0.5 by using the s82-mgc catalog which
extends ∼ 2 magnitudes fainter than the SDSS single
epoch imaging data (Reis et al. 2012; Jiang et al. 2014).
In order to compute the total SMF, Bundy et al. (in
prep) use a combination of spectroscopic redshifts, sup-
plemented with photometric redshifts (photo-z’s) when a
spectroscopic redshift is not available. We adopt a simi-
lar approach and compute the total SMF from the s82-
mgc at log10(M∗/M⊙) > 10.5 over 0.43 < z < 0.70. Our
analysis assumes that the total SMF does not vary over
this redshift range. The result is shown in Figure 1. Er-
ror bars on SMF represent the square root of the diagonal
component of the covariance matrix which is estimated
from the data using 214 nearly-equal area bootstrap re-
gions.
The left panel of Figure 1 shows a comparison between

our SMF with results from COSMOS (Leauthaud et al.
2011) and PRIMUS (Moustakas et al. 2013) at similar
redshifts. As can be seen in Figure 1, because of the large
area covered by Stripe 82, the high mass end of the total
SMF is tightly constrained at log10(M∗/M⊙) > 11.3 over
0.43 < z < 0.70 while COSMOS and PRIMUS constrain
the low mass end. The comparison with COSMOS and
PRIMUS suggests that the s82-mgc is roughly complete
to log10(M∗/M⊙) ∼ 11.2.
To perform abundance matching, we need to evaluate

the total SMF over the entire mass range covered by the
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Figure 17. The best-fitting model using the ‘MedRes0’ box, fixing γ IHV = 1 and γ cenv = 0 compared to our measurements for wp, ξ̂0,2, and ξ0, 2 (bottom first
column of Table 4). In the second two panels ξ̂2 and ξ2 measurements are indicated with an X, and the model predictions with green curves instead of blue,
since ξ0 and ξ2 cross on small scales. The varying parameters took best-fitting values fσ 8 = 0.452, Mmin = 1013.011 h−1 M⊙, Mcut = 1013.159 h−1 M⊙, M1 =
1014.068 h−1 M⊙, α = 0.89, σlog10 M = 0.358. This HOD has n̄HOD = 4.23 × 10−4 (h−1 Mpc)−3 and fsat = 10.4 per cent. The best-fitting χ2 values are listed
in the first lower column in Table 4. This best-fitting model is derived by fitting only the first nine bins of wp and ξ̂0,2, but also provides a good fit to ξ0, 2, for
which χ2 = 20.9 for 20 measurement bins. Compared to the best fit with γ HV = 1 (fσ 8 = 0.472), the fit to the quadrupole on large scales is improved. Our
last 1.5 bins overlap with the smallest bins in the large-scale RSD analysis in Reid et al. (2012) and Samushia et al. (2013) and our best-fitting fσ 8 values are
nearly identical.

between the two independent measurements is 1.9σ , which we take
to be reasonable agreement since we have not included a mod-
elling systematics error budget. Despite the dominance of satellite
galaxies on the observed anisotropies (Fig. 13), there is still ample
information on the rate of structure growth on these smaller scales
where the clustering signal is strong and well measured, resulting
in a factor of 2.5 reduction in uncertainty on fσ 8 compared with
our DR11 large-scale RSD analysis. In Fig. 17 we show the the-
oretical prediction from the best-fitting model using the MedRes0
box. In this model, fσ 8 = 0.452 and we have held γ IHV = 1 and
γ cenv = 0 fixed. Compared to the best-fitting model with γ HV = 1
(fσ 8 = 0.472) in Fig. 14, the amplitude of ξ 2 on large scales pro-
vides a better fit to the data. These are the same scales dominating
the Samushia et al. (2013) large-scale RSD measurement of fσ 8; the
last ∼1.5 bins overlap between the analyses. The best-fitting models
as a function of fσ 8 have nearly identical behaviour in the first three
bins s < 3 h−1 Mpc, and divide on larger scales, indicating that the
constraint on fσ 8 is driven by the relative amplitudes of ξ̂0 and ξ̂2.
Fig. 17 also shows that even though the model was fit to wp(rσ <

2 h−1 Mpc) and ξ̂0,2, it provides a good fit to wp out to 25 h−1 Mpc
(χ2 = 12.4 for 18 bins), and correctly models scales below the fibre
collision radius, so that ξ 0, 2 is also fit (χ2 = 20.9 for 20 bins).

7.6 Robustness of the fσ 8 constraint to model extensions

The basic redshift-independent HOD model we are using to fit
the CMASS clustering assumes that the observed galaxies are a
subsample of objects defined by those HOD parameters. We enforce
only a broad prior on n̄HOD from the observed CMASS selection
function n̄(z). However, both intrinsic stochasticity in the stellar
mass–halo mass relation and photometric errors in the imaging
catalogue will broaden the distribution of halo masses hosting the
CMASS sample. In order to test our sensitivity to the allowed host
halo mass scatter, we refit our measurements with the n̄HOD prior
shifted to higher values: 4.25 < 104n̄HOD(h−1 Mpc)3 < 4.75. The
results of fits that fix or vary fσ 8 are labelled in Table 4 as ‘high
n̄HOD’. This choice is similar to relaxing our assumption that Ncen(M)
in equation (17) approaches one at large halo masses. Indeed, we

find that this region of HOD parameter space provides a better fit
to the observed clustering (&χ2 ∼ 4). There are small (expected)
shifts in the HOD parameters with the higher n̄HOD prior; most
importantly for our conclusions in this work, the constraint on fσ 8

shifts by only ∼0.5σ . If we completely remove the n̄ prior, the
HOD is limited to 104n̄HOD(h−1 Mpc)3 < 6 as σlog10 M approaches
0, which is an unphysical limit of noisy target selection producing
a precise mass cut in central galaxy host mass. Given our HOD
parametrization, models with higher number density are unable to
generate sufficiently large clustering. Even in this unrealistic case,
the fσ 8 shifts upward compared to our fiducial value by only 1σ .

Both the colour selection and photometric errors in the imaging
used for target selection could result in haloes where the central
galaxy does not pass our target selection cuts, while one or more
satellite galaxies in that halo do pass. To test the impact of such
cases (labelled ‘cen/sat’ test in Table 4), we consider the drastic
case where 20 per cent of centrals in massive haloes are not CMASS
selected galaxies, implemented in our model by simply multiplying
Ncen(M) by 0.8. In contrast to the rest of our analyses, in this test
we do not require a central galaxy in order for a particular halo to
host a satellite galaxy, thus lowering the contribution of ‘one-halo’
central-satellite pairs at fixed HOD parameters. This model provides
a much better fit than our fiducial HOD assumptions (&χ2 = 10.2).
The satellite fraction is larger, n̄HOD in the model moves closer to
the typical n̄ in the sample, and the satellite occupation distribution
steepens. In future work, we hope to explore such model extensions
more generally in concert with a better understanding of the impact
of photometric errors on targeting, as well as redshift evolution
and intrinsic diversity in the CMASS galaxy population. Again, the
important result for this work is that a plausible extension of our
halo occupation modelling can improve the fit, but the constraint on
fσ 8 shifts only slightly.

Next we consider the impact of varying the galaxy intrahalo
velocities through the parameters γ IHV and γ cenv defined in Sec-
tion 6.3. Their impact on the ξ̂0,2 observable is shown in Fig. 18,
holding the HOD parameters fixed to the best-fitting values for
γ HV = γ IHV = 1.0 and γ cenv = 0. Increasing the intrahalo velocity
dispersion lowers the number of pairs at small s separations, while
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3.1. The CMASS Two-Point Correlation Function

In this paper we use the DR10 projected two-point cor-
relation function, wp, and the monopole and quadrupole

of the correlation function, ξ̂ℓ, and the associated covari-
ance matrix determined by R14. We only give a brief
summary of how these measurements were performed
and we refer the reader to R14 for additional details. The
two-dimensional redshift-space correlation function ξ(s)
is measured using the Landy-Szalay estimator Landy &
Szalay (1993):

ξ(s) =
DD(∆s)− 2DR(∆s) +RR(∆s)

RR(∆s)
, (3)

where DD, DR, and RR are the data-data, data-
random, and random-random pairs in a given bin [s −
∆s/2, s+∆s/2]. The randoms account for the survey ge-
ometry and for the completeness factor which depends on
angular position and a radial selection function, dn/dz.
The correlation function is integrated over the line-of-
sight separation to obtain the projected correlation func-
tion Davis & Peebles (1983),

wp(rp) = 2

∫ rπ,max

0
drπ ξ(rp, rπ), (4)

where the three-dimensional pair separation s in redshift
space is split into a component transverse (rp) and paral-
lel (rπ) to the line-of-sight direction. The integral is per-
formed to rπ,max = 80Mpc/h and wp is measured from
0.194 Mpc/h to 25.98 Mpc/h with 18 equally spaced log-
arithmic bins. The advantage of using the projected cor-
relation function is that it is less sensitive than ξ(s) to the
effects of galaxy peculiar velocities. Note that, however,
we do account for the RSD effect (van den Bosch et al.
2013) in our modeling through the velocity of subhalos
(see next section). The projected two-point correlation
function is measured separately for the NGC and the
SGC and these measurements are combined using a sim-
ple average, weighted by the number of CMASS galaxies
in each hemisphere.
The wp measurement from R14 does not use the opti-

mal weights (the so-called “FKP” weights), or the sys-
tematic weights. The systematic weights affect large
scales and hence are not relevant for our small-scale
measurement. Also, this approach enables a more fair
comparison with our measurement of the galaxy stellar
mass function which does not use any weighting scheme.
Weights are applied, however, to account for redshift fail-
ures and for fiber collisions. Fiber collisions are par-
ticularly important for small scale clustering measure-
ments with BOSS – the fiber-collison scale in BOSS is
62 arcsecond which corresponds to a comoving scale of
∼ 0.45Mpc/h at z ∼ 0.57. To complicate matters, the
BOSS tiling strategy also introduces a correlation be-
tween fiber collisions and the density field. R14 studied
the impact of fiber collisions for the CMASS sample us-
ing tiled mock catalogs. They adopted a radial depen-
dent correction scheme in which an angular upweight-
ing method is adopted at rp < 1.09Mpc/h and a near-
est neighbor (NN) weighting scheme is adopted at larger
scales. Finally, the correlation function is debiased for
residual fiber-collision effects using the tiled mock cata-
logs.

The covariance matrix for wp, Cwp,boot, is derived from
5,000,000 realizations drawn from 200 bootstrap regions
which are roughly equal in size and shape. An addi-
tional 10% uncertainty due to the angular upweighting
method and the debiasing procedure are propagated into
the diagonal element of the covariance matrix. As a re-
sult, the measurement error on wp increases below rp =
1.09Mpc/h. Finally, the inverse covariance matrix is cor-
rected following Hartlap et al. (2007). With nboot = 200
and nbin = 18, this leads to a 0.904 correction to the final
inverse covariance matrix, C−1

wp,meas = 0.904C−1
wp,boot

.
In addition to wp, we will also use the monopole

and quadrupole of the correlation function which con-
tain information about the peculiar velocities of galax-
ies. Again, following R14, we adopt the pseudo multipole
correlation function defined by

ξ̂ℓ(s) = (2ℓ+ 1)

∫ µmax(s)

0
dµ ξ(s, µ)Lℓ(µ), (5)

where s2 = r2p + r2π, µ = rπ/s, and Lℓ(µ) is the ℓ-th
order Legendre polynomial. The integration over the az-
imuthal angle µ is performed up to µmax(s) ≡ 0.534/s
in order to minimize the impact of fiber collisions on the
small-scale measurements. We refer the reader to R14
for further details.

3.2. The Total Stellar Mass Function at z = 0.55

As shown in Leauthaud et al. (in prep), the CMASS
sample is only stellar mass complete at the very high
mass end and in a narrow redshift range. To perform
abundance matching, however, we need to measure the
total SMF as well as the fraction of CMASS galaxies as
a function of stellar mass and redshift. Indeed, for abun-
dance matching a complete galaxy sample is necessary
when rank ordering galaxies versus halos.
Bundy et al. (in prep) present an estimate of the to-

tal SMF at z ∼ 0.5 by using the s82-mgc catalog which
extends ∼ 2 magnitudes fainter than the SDSS single
epoch imaging data (Reis et al. 2012; Jiang et al. 2014).
In order to compute the total SMF, Bundy et al. (in
prep) use a combination of spectroscopic redshifts, sup-
plemented with photometric redshifts (photo-z’s) when a
spectroscopic redshift is not available. We adopt a simi-
lar approach and compute the total SMF from the s82-
mgc at log10(M∗/M⊙) > 10.5 over 0.43 < z < 0.70. Our
analysis assumes that the total SMF does not vary over
this redshift range. The result is shown in Figure 1. Er-
ror bars on SMF represent the square root of the diagonal
component of the covariance matrix which is estimated
from the data using 214 nearly-equal area bootstrap re-
gions.
The left panel of Figure 1 shows a comparison between

our SMF with results from COSMOS (Leauthaud et al.
2011) and PRIMUS (Moustakas et al. 2013) at similar
redshifts. As can be seen in Figure 1, because of the large
area covered by Stripe 82, the high mass end of the total
SMF is tightly constrained at log10(M∗/M⊙) > 11.3 over
0.43 < z < 0.70 while COSMOS and PRIMUS constrain
the low mass end. The comparison with COSMOS and
PRIMUS suggests that the s82-mgc is roughly complete
to log10(M∗/M⊙) ∼ 11.2.
To perform abundance matching, we need to evaluate

the total SMF over the entire mass range covered by the
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Figure 17. The best-fitting model using the ‘MedRes0’ box, fixing γ IHV = 1 and γ cenv = 0 compared to our measurements for wp, ξ̂0,2, and ξ0, 2 (bottom first
column of Table 4). In the second two panels ξ̂2 and ξ2 measurements are indicated with an X, and the model predictions with green curves instead of blue,
since ξ0 and ξ2 cross on small scales. The varying parameters took best-fitting values fσ 8 = 0.452, Mmin = 1013.011 h−1 M⊙, Mcut = 1013.159 h−1 M⊙, M1 =
1014.068 h−1 M⊙, α = 0.89, σlog10 M = 0.358. This HOD has n̄HOD = 4.23 × 10−4 (h−1 Mpc)−3 and fsat = 10.4 per cent. The best-fitting χ2 values are listed
in the first lower column in Table 4. This best-fitting model is derived by fitting only the first nine bins of wp and ξ̂0,2, but also provides a good fit to ξ0, 2, for
which χ2 = 20.9 for 20 measurement bins. Compared to the best fit with γ HV = 1 (fσ 8 = 0.472), the fit to the quadrupole on large scales is improved. Our
last 1.5 bins overlap with the smallest bins in the large-scale RSD analysis in Reid et al. (2012) and Samushia et al. (2013) and our best-fitting fσ 8 values are
nearly identical.

between the two independent measurements is 1.9σ , which we take
to be reasonable agreement since we have not included a mod-
elling systematics error budget. Despite the dominance of satellite
galaxies on the observed anisotropies (Fig. 13), there is still ample
information on the rate of structure growth on these smaller scales
where the clustering signal is strong and well measured, resulting
in a factor of 2.5 reduction in uncertainty on fσ 8 compared with
our DR11 large-scale RSD analysis. In Fig. 17 we show the the-
oretical prediction from the best-fitting model using the MedRes0
box. In this model, fσ 8 = 0.452 and we have held γ IHV = 1 and
γ cenv = 0 fixed. Compared to the best-fitting model with γ HV = 1
(fσ 8 = 0.472) in Fig. 14, the amplitude of ξ 2 on large scales pro-
vides a better fit to the data. These are the same scales dominating
the Samushia et al. (2013) large-scale RSD measurement of fσ 8; the
last ∼1.5 bins overlap between the analyses. The best-fitting models
as a function of fσ 8 have nearly identical behaviour in the first three
bins s < 3 h−1 Mpc, and divide on larger scales, indicating that the
constraint on fσ 8 is driven by the relative amplitudes of ξ̂0 and ξ̂2.
Fig. 17 also shows that even though the model was fit to wp(rσ <

2 h−1 Mpc) and ξ̂0,2, it provides a good fit to wp out to 25 h−1 Mpc
(χ2 = 12.4 for 18 bins), and correctly models scales below the fibre
collision radius, so that ξ 0, 2 is also fit (χ2 = 20.9 for 20 bins).

7.6 Robustness of the fσ 8 constraint to model extensions

The basic redshift-independent HOD model we are using to fit
the CMASS clustering assumes that the observed galaxies are a
subsample of objects defined by those HOD parameters. We enforce
only a broad prior on n̄HOD from the observed CMASS selection
function n̄(z). However, both intrinsic stochasticity in the stellar
mass–halo mass relation and photometric errors in the imaging
catalogue will broaden the distribution of halo masses hosting the
CMASS sample. In order to test our sensitivity to the allowed host
halo mass scatter, we refit our measurements with the n̄HOD prior
shifted to higher values: 4.25 < 104n̄HOD(h−1 Mpc)3 < 4.75. The
results of fits that fix or vary fσ 8 are labelled in Table 4 as ‘high
n̄HOD’. This choice is similar to relaxing our assumption that Ncen(M)
in equation (17) approaches one at large halo masses. Indeed, we

find that this region of HOD parameter space provides a better fit
to the observed clustering (&χ2 ∼ 4). There are small (expected)
shifts in the HOD parameters with the higher n̄HOD prior; most
importantly for our conclusions in this work, the constraint on fσ 8

shifts by only ∼0.5σ . If we completely remove the n̄ prior, the
HOD is limited to 104n̄HOD(h−1 Mpc)3 < 6 as σlog10 M approaches
0, which is an unphysical limit of noisy target selection producing
a precise mass cut in central galaxy host mass. Given our HOD
parametrization, models with higher number density are unable to
generate sufficiently large clustering. Even in this unrealistic case,
the fσ 8 shifts upward compared to our fiducial value by only 1σ .

Both the colour selection and photometric errors in the imaging
used for target selection could result in haloes where the central
galaxy does not pass our target selection cuts, while one or more
satellite galaxies in that halo do pass. To test the impact of such
cases (labelled ‘cen/sat’ test in Table 4), we consider the drastic
case where 20 per cent of centrals in massive haloes are not CMASS
selected galaxies, implemented in our model by simply multiplying
Ncen(M) by 0.8. In contrast to the rest of our analyses, in this test
we do not require a central galaxy in order for a particular halo to
host a satellite galaxy, thus lowering the contribution of ‘one-halo’
central-satellite pairs at fixed HOD parameters. This model provides
a much better fit than our fiducial HOD assumptions (&χ2 = 10.2).
The satellite fraction is larger, n̄HOD in the model moves closer to
the typical n̄ in the sample, and the satellite occupation distribution
steepens. In future work, we hope to explore such model extensions
more generally in concert with a better understanding of the impact
of photometric errors on targeting, as well as redshift evolution
and intrinsic diversity in the CMASS galaxy population. Again, the
important result for this work is that a plausible extension of our
halo occupation modelling can improve the fit, but the constraint on
fσ 8 shifts only slightly.

Next we consider the impact of varying the galaxy intrahalo
velocities through the parameters γ IHV and γ cenv defined in Sec-
tion 6.3. Their impact on the ξ̂0,2 observable is shown in Fig. 18,
holding the HOD parameters fixed to the best-fitting values for
γ HV = γ IHV = 1.0 and γ cenv = 0. Increasing the intrahalo velocity
dispersion lowers the number of pairs at small s separations, while

MNRAS 444, 476–502 (2014)

 at U
niversity of Tokyo Library on January 5, 2015

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 



✦ How it works: 
       1) assume a functional form P(Ngal|Mhalo) for central and satellite HODs  
       2) determine the HOD parameters to reproduce  
           or 3D correlation function or gal-gal lensing 
       3) randomly down sample to reproduce dn/dz 

6

Halo Occupation Distribution
✦ The most popular method to link galaxies with halos. 

✦ focus on modeling the full CMASS sample.  
   c.f.) for subsample, see Miyatake et al. (2015), More et al. (2015), Guo et al. (2013,2014) etc

Berlind & Weinberg (2002) etc
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3.1. The CMASS Two-Point Correlation Function

In this paper we use the DR10 projected two-point cor-
relation function, wp, and the monopole and quadrupole

of the correlation function, ξ̂ℓ, and the associated covari-
ance matrix determined by R14. We only give a brief
summary of how these measurements were performed
and we refer the reader to R14 for additional details. The
two-dimensional redshift-space correlation function ξ(s)
is measured using the Landy-Szalay estimator Landy &
Szalay (1993):

ξ(s) =
DD(∆s)− 2DR(∆s) +RR(∆s)

RR(∆s)
, (3)

where DD, DR, and RR are the data-data, data-
random, and random-random pairs in a given bin [s −
∆s/2, s+∆s/2]. The randoms account for the survey ge-
ometry and for the completeness factor which depends on
angular position and a radial selection function, dn/dz.
The correlation function is integrated over the line-of-
sight separation to obtain the projected correlation func-
tion Davis & Peebles (1983),

wp(rp) = 2

∫ rπ,max

0
drπ ξ(rp, rπ), (4)

where the three-dimensional pair separation s in redshift
space is split into a component transverse (rp) and paral-
lel (rπ) to the line-of-sight direction. The integral is per-
formed to rπ,max = 80Mpc/h and wp is measured from
0.194 Mpc/h to 25.98 Mpc/h with 18 equally spaced log-
arithmic bins. The advantage of using the projected cor-
relation function is that it is less sensitive than ξ(s) to the
effects of galaxy peculiar velocities. Note that, however,
we do account for the RSD effect (van den Bosch et al.
2013) in our modeling through the velocity of subhalos
(see next section). The projected two-point correlation
function is measured separately for the NGC and the
SGC and these measurements are combined using a sim-
ple average, weighted by the number of CMASS galaxies
in each hemisphere.
The wp measurement from R14 does not use the opti-

mal weights (the so-called “FKP” weights), or the sys-
tematic weights. The systematic weights affect large
scales and hence are not relevant for our small-scale
measurement. Also, this approach enables a more fair
comparison with our measurement of the galaxy stellar
mass function which does not use any weighting scheme.
Weights are applied, however, to account for redshift fail-
ures and for fiber collisions. Fiber collisions are par-
ticularly important for small scale clustering measure-
ments with BOSS – the fiber-collison scale in BOSS is
62 arcsecond which corresponds to a comoving scale of
∼ 0.45Mpc/h at z ∼ 0.57. To complicate matters, the
BOSS tiling strategy also introduces a correlation be-
tween fiber collisions and the density field. R14 studied
the impact of fiber collisions for the CMASS sample us-
ing tiled mock catalogs. They adopted a radial depen-
dent correction scheme in which an angular upweight-
ing method is adopted at rp < 1.09Mpc/h and a near-
est neighbor (NN) weighting scheme is adopted at larger
scales. Finally, the correlation function is debiased for
residual fiber-collision effects using the tiled mock cata-
logs.

The covariance matrix for wp, Cwp,boot, is derived from
5,000,000 realizations drawn from 200 bootstrap regions
which are roughly equal in size and shape. An addi-
tional 10% uncertainty due to the angular upweighting
method and the debiasing procedure are propagated into
the diagonal element of the covariance matrix. As a re-
sult, the measurement error on wp increases below rp =
1.09Mpc/h. Finally, the inverse covariance matrix is cor-
rected following Hartlap et al. (2007). With nboot = 200
and nbin = 18, this leads to a 0.904 correction to the final
inverse covariance matrix, C−1

wp,meas = 0.904C−1
wp,boot

.
In addition to wp, we will also use the monopole

and quadrupole of the correlation function which con-
tain information about the peculiar velocities of galax-
ies. Again, following R14, we adopt the pseudo multipole
correlation function defined by

ξ̂ℓ(s) = (2ℓ+ 1)

∫ µmax(s)

0
dµ ξ(s, µ)Lℓ(µ), (5)

where s2 = r2p + r2π, µ = rπ/s, and Lℓ(µ) is the ℓ-th
order Legendre polynomial. The integration over the az-
imuthal angle µ is performed up to µmax(s) ≡ 0.534/s
in order to minimize the impact of fiber collisions on the
small-scale measurements. We refer the reader to R14
for further details.

3.2. The Total Stellar Mass Function at z = 0.55

As shown in Leauthaud et al. (in prep), the CMASS
sample is only stellar mass complete at the very high
mass end and in a narrow redshift range. To perform
abundance matching, however, we need to measure the
total SMF as well as the fraction of CMASS galaxies as
a function of stellar mass and redshift. Indeed, for abun-
dance matching a complete galaxy sample is necessary
when rank ordering galaxies versus halos.
Bundy et al. (in prep) present an estimate of the to-

tal SMF at z ∼ 0.5 by using the s82-mgc catalog which
extends ∼ 2 magnitudes fainter than the SDSS single
epoch imaging data (Reis et al. 2012; Jiang et al. 2014).
In order to compute the total SMF, Bundy et al. (in
prep) use a combination of spectroscopic redshifts, sup-
plemented with photometric redshifts (photo-z’s) when a
spectroscopic redshift is not available. We adopt a simi-
lar approach and compute the total SMF from the s82-
mgc at log10(M∗/M⊙) > 10.5 over 0.43 < z < 0.70. Our
analysis assumes that the total SMF does not vary over
this redshift range. The result is shown in Figure 1. Er-
ror bars on SMF represent the square root of the diagonal
component of the covariance matrix which is estimated
from the data using 214 nearly-equal area bootstrap re-
gions.
The left panel of Figure 1 shows a comparison between

our SMF with results from COSMOS (Leauthaud et al.
2011) and PRIMUS (Moustakas et al. 2013) at similar
redshifts. As can be seen in Figure 1, because of the large
area covered by Stripe 82, the high mass end of the total
SMF is tightly constrained at log10(M∗/M⊙) > 11.3 over
0.43 < z < 0.70 while COSMOS and PRIMUS constrain
the low mass end. The comparison with COSMOS and
PRIMUS suggests that the s82-mgc is roughly complete
to log10(M∗/M⊙) ∼ 11.2.
To perform abundance matching, we need to evaluate

the total SMF over the entire mass range covered by the
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Figure 17. The best-fitting model using the ‘MedRes0’ box, fixing γ IHV = 1 and γ cenv = 0 compared to our measurements for wp, ξ̂0,2, and ξ0, 2 (bottom first
column of Table 4). In the second two panels ξ̂2 and ξ2 measurements are indicated with an X, and the model predictions with green curves instead of blue,
since ξ0 and ξ2 cross on small scales. The varying parameters took best-fitting values fσ 8 = 0.452, Mmin = 1013.011 h−1 M⊙, Mcut = 1013.159 h−1 M⊙, M1 =
1014.068 h−1 M⊙, α = 0.89, σlog10 M = 0.358. This HOD has n̄HOD = 4.23 × 10−4 (h−1 Mpc)−3 and fsat = 10.4 per cent. The best-fitting χ2 values are listed
in the first lower column in Table 4. This best-fitting model is derived by fitting only the first nine bins of wp and ξ̂0,2, but also provides a good fit to ξ0, 2, for
which χ2 = 20.9 for 20 measurement bins. Compared to the best fit with γ HV = 1 (fσ 8 = 0.472), the fit to the quadrupole on large scales is improved. Our
last 1.5 bins overlap with the smallest bins in the large-scale RSD analysis in Reid et al. (2012) and Samushia et al. (2013) and our best-fitting fσ 8 values are
nearly identical.

between the two independent measurements is 1.9σ , which we take
to be reasonable agreement since we have not included a mod-
elling systematics error budget. Despite the dominance of satellite
galaxies on the observed anisotropies (Fig. 13), there is still ample
information on the rate of structure growth on these smaller scales
where the clustering signal is strong and well measured, resulting
in a factor of 2.5 reduction in uncertainty on fσ 8 compared with
our DR11 large-scale RSD analysis. In Fig. 17 we show the the-
oretical prediction from the best-fitting model using the MedRes0
box. In this model, fσ 8 = 0.452 and we have held γ IHV = 1 and
γ cenv = 0 fixed. Compared to the best-fitting model with γ HV = 1
(fσ 8 = 0.472) in Fig. 14, the amplitude of ξ 2 on large scales pro-
vides a better fit to the data. These are the same scales dominating
the Samushia et al. (2013) large-scale RSD measurement of fσ 8; the
last ∼1.5 bins overlap between the analyses. The best-fitting models
as a function of fσ 8 have nearly identical behaviour in the first three
bins s < 3 h−1 Mpc, and divide on larger scales, indicating that the
constraint on fσ 8 is driven by the relative amplitudes of ξ̂0 and ξ̂2.
Fig. 17 also shows that even though the model was fit to wp(rσ <

2 h−1 Mpc) and ξ̂0,2, it provides a good fit to wp out to 25 h−1 Mpc
(χ2 = 12.4 for 18 bins), and correctly models scales below the fibre
collision radius, so that ξ 0, 2 is also fit (χ2 = 20.9 for 20 bins).

7.6 Robustness of the fσ 8 constraint to model extensions

The basic redshift-independent HOD model we are using to fit
the CMASS clustering assumes that the observed galaxies are a
subsample of objects defined by those HOD parameters. We enforce
only a broad prior on n̄HOD from the observed CMASS selection
function n̄(z). However, both intrinsic stochasticity in the stellar
mass–halo mass relation and photometric errors in the imaging
catalogue will broaden the distribution of halo masses hosting the
CMASS sample. In order to test our sensitivity to the allowed host
halo mass scatter, we refit our measurements with the n̄HOD prior
shifted to higher values: 4.25 < 104n̄HOD(h−1 Mpc)3 < 4.75. The
results of fits that fix or vary fσ 8 are labelled in Table 4 as ‘high
n̄HOD’. This choice is similar to relaxing our assumption that Ncen(M)
in equation (17) approaches one at large halo masses. Indeed, we

find that this region of HOD parameter space provides a better fit
to the observed clustering (&χ2 ∼ 4). There are small (expected)
shifts in the HOD parameters with the higher n̄HOD prior; most
importantly for our conclusions in this work, the constraint on fσ 8

shifts by only ∼0.5σ . If we completely remove the n̄ prior, the
HOD is limited to 104n̄HOD(h−1 Mpc)3 < 6 as σlog10 M approaches
0, which is an unphysical limit of noisy target selection producing
a precise mass cut in central galaxy host mass. Given our HOD
parametrization, models with higher number density are unable to
generate sufficiently large clustering. Even in this unrealistic case,
the fσ 8 shifts upward compared to our fiducial value by only 1σ .

Both the colour selection and photometric errors in the imaging
used for target selection could result in haloes where the central
galaxy does not pass our target selection cuts, while one or more
satellite galaxies in that halo do pass. To test the impact of such
cases (labelled ‘cen/sat’ test in Table 4), we consider the drastic
case where 20 per cent of centrals in massive haloes are not CMASS
selected galaxies, implemented in our model by simply multiplying
Ncen(M) by 0.8. In contrast to the rest of our analyses, in this test
we do not require a central galaxy in order for a particular halo to
host a satellite galaxy, thus lowering the contribution of ‘one-halo’
central-satellite pairs at fixed HOD parameters. This model provides
a much better fit than our fiducial HOD assumptions (&χ2 = 10.2).
The satellite fraction is larger, n̄HOD in the model moves closer to
the typical n̄ in the sample, and the satellite occupation distribution
steepens. In future work, we hope to explore such model extensions
more generally in concert with a better understanding of the impact
of photometric errors on targeting, as well as redshift evolution
and intrinsic diversity in the CMASS galaxy population. Again, the
important result for this work is that a plausible extension of our
halo occupation modelling can improve the fit, but the constraint on
fσ 8 shifts only slightly.

Next we consider the impact of varying the galaxy intrahalo
velocities through the parameters γ IHV and γ cenv defined in Sec-
tion 6.3. Their impact on the ξ̂0,2 observable is shown in Fig. 18,
holding the HOD parameters fixed to the best-fitting values for
γ HV = γ IHV = 1.0 and γ cenv = 0. Increasing the intrahalo velocity
dispersion lowers the number of pairs at small s separations, while
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Incompleteness of the CMASS sample
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✦ The color cut dominates at low z, while the luminosity cut does at high z.
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S82-MGC Stellar Mass Function

✦ S82-MGC provides the best constraint at high mass, 
    and is complete at 

✦ The selection effect makes the CMASS SMFs redshift dependent. 

SS, Leauthaud, Bundy et al.
6 Saito et al.

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
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Our approach based on SHAM
✦ The Subhalo Abundance Matching (SHAM) 
   “a brighter galaxy tends to be hosted by a more massive (sub)halo”  
 
    Here we assume a global SMFs for “total” galaxies as

✦ Pros & Cons 
◯ less free parameters, no need to calibrate the nonlinearities 

◯ straightforward to implement the selection effect 

◯ can incorporate the conditional abundance matching dabbed Age Matching  

 
✖️ need to rely on the subhalo catalog in N-body simulation

e.g. Tinker et al. (2012)

Hearin et al. (2013,2014) etc, see also Masaki et al. (2013) Yamamoto et al. (2015)

e.g. Kravtsov et al. (2004) etc

Reddick et al. (2013)

8 Saito et al.

galaxies. More concretely, the SHAM method begins by
rank ordering galaxies by stellar mass M∗ (or luminos-
ity). Halos drawn from N -body simulations are rank or-
dered by peak maximum circular velocity Vpeak. Galaxies
are then assigned to subhalos in descending order such
that ngal(> M∗) = nhalo(> Vpeak). In practice, there
are multiple ambiguities in the SHAM technique. First,
there is freedom in choosing how to rank order subhalos.
For example, Reddick et al. (2013) showed how the pre-
dicted two point correlation function varies when rank
ordering is performed using different halo mass proxies
such as halo mass Mvir, maximum circular velocity Vcirc,
and its peak over entire merging history, Vpeak. Moti-
vated by this work, we will evaluate how our model varies
when rank ordering by either 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 explained in the
previous section, we model the SMF for ‘total’ galaxies
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 hence 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∗;φ1,α1,φ2,α2,M0)√
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 are going to

fit the model SMF only against the limited mass range
of the s82-mgc SMF at the CMASS redshift range (8
data points at 11.5 ≤ log10(M∗/M⊙) ≤ 12.0). Our SMF
measurements probe the very high mass end of the stellar
mass function and hence are insensitive to some param-
eters 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)
(motivated by the low-mass end measurements at low
redshift from Baldry et al. (2008)). In summary, our
abundance matching model contains three free parame-
ters, 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 s82-mgc SMF, C−1

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

SMF = 0.958C−1
SMF,boot. Note

that, even though the error budget is dominated by the
Poisson noise which contributes only to diagonal compo-
nents (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 (Gao et al. 2005; Wechsler et al. 2006; Jing
et al. 2007; Gao & White 2007; Dalal et al. 2008; Li et al.
2008, see e.g.).
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.
2013; Hearin et al. 2014; Watson et al. 2014; Lim et al.
2015). This method matches galaxies and halos using
both stellar mass as well as galaxy color. The basic
premis of the approach is that redder galaxy are assigned
to older subhalos at fixed stellar mass.
In the age matching scheme, each halo is assigned

a characteristic redshift called zstarve that is computed
from the halo merger trees. This zstarve parameter is de-
fined as the maximum of three distinct age components:

• zchar: the earliest redshift at which the most
massive progenitor of a given subhalo exceeds
Mh > 1012 [M⊙/h]. For subhalos less massive than
1012 [M⊙/h], zchar is set to zchar = zobs.

• zacc: the epoch when a subhalo accretes onto a host
halo. For host halos, we set zacc = zobs.

• zform: the epoch defined by zform = cvir/(4.1aacc)−
1, motivated by the fact that there is a tight cor-
relation between the concentration parameter and
the epoch when growth of halo mass transits from a
fast to slow accretion regime (Wechsler et al. 2006).
Note that aacc = 1/(1 + zacc).

In our case we set zobs = 0.534 while in the original work
of H13, zobs = 0.
There are two notable differences between this work

and H13. First, our relevant mass regime (M∗ !
1011 [M⊙/h]) is higher than that of H13 (M∗ "
1011 [M⊙/h]). Second, H13 found that zform is the dom-
inant component of zstarve for the SDSS main sample
whereas we find that zchar is the dominant component
for CMASS (see Figure 6). Because of these key differ-
ences, the impact of assembly bias in our models will be
fundamentally different compared to H13 (see Section 6).
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galaxies. More concretely, the SHAM method begins by
rank ordering galaxies by stellar mass M∗ (or luminos-
ity). Halos drawn from N -body simulations are rank or-
dered by peak maximum circular velocity Vpeak. Galaxies
are then assigned to subhalos in descending order such
that ngal(> M∗) = nhalo(> Vpeak). In practice, there
are multiple ambiguities in the SHAM technique. First,
there is freedom in choosing how to rank order subhalos.
For example, Reddick et al. (2013) showed how the pre-
dicted two point correlation function varies when rank
ordering is performed using different halo mass proxies
such as halo mass Mvir, maximum circular velocity Vcirc,
and its peak over entire merging history, Vpeak. Moti-
vated by this work, we will evaluate how our model varies
when rank ordering by either 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 explained in the
previous section, we model the SMF for ‘total’ galaxies
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 hence 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∗;φ1,α1,φ2,α2,M0)√
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 are going to

fit the model SMF only against the limited mass range
of the s82-mgc SMF at the CMASS redshift range (8
data points at 11.5 ≤ log10(M∗/M⊙) ≤ 12.0). Our SMF
measurements probe the very high mass end of the stellar
mass function and hence are insensitive to some param-
eters 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)
(motivated by the low-mass end measurements at low
redshift from Baldry et al. (2008)). In summary, our
abundance matching model contains three free parame-
ters, 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 s82-mgc SMF, C−1

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

SMF = 0.958C−1
SMF,boot. Note

that, even though the error budget is dominated by the
Poisson noise which contributes only to diagonal compo-
nents (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 (Gao et al. 2005; Wechsler et al. 2006; Jing
et al. 2007; Gao & White 2007; Dalal et al. 2008; Li et al.
2008, see e.g.).
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.
2013; Hearin et al. 2014; Watson et al. 2014; Lim et al.
2015). This method matches galaxies and halos using
both stellar mass as well as galaxy color. The basic
premis of the approach is that redder galaxy are assigned
to older subhalos at fixed stellar mass.
In the age matching scheme, each halo is assigned

a characteristic redshift called zstarve that is computed
from the halo merger trees. This zstarve parameter is de-
fined as the maximum of three distinct age components:

• zchar: the earliest redshift at which the most
massive progenitor of a given subhalo exceeds
Mh > 1012 [M⊙/h]. For subhalos less massive than
1012 [M⊙/h], zchar is set to zchar = zobs.

• zacc: the epoch when a subhalo accretes onto a host
halo. For host halos, we set zacc = zobs.

• zform: the epoch defined by zform = cvir/(4.1aacc)−
1, motivated by the fact that there is a tight cor-
relation between the concentration parameter and
the epoch when growth of halo mass transits from a
fast to slow accretion regime (Wechsler et al. 2006).
Note that aacc = 1/(1 + zacc).

In our case we set zobs = 0.534 while in the original work
of H13, zobs = 0.
There are two notable differences between this work

and H13. First, our relevant mass regime (M∗ !
1011 [M⊙/h]) is higher than that of H13 (M∗ "
1011 [M⊙/h]). Second, H13 found that zform is the dom-
inant component of zstarve for the SDSS main sample
whereas we find that zchar is the dominant component
for CMASS (see Figure 6). Because of these key differ-
ences, the impact of assembly bias in our models will be
fundamentally different compared to H13 (see Section 6).
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galaxies. More concretely, the SHAM method begins by
rank ordering galaxies by stellar mass M∗ (or luminos-
ity). Halos drawn from N -body simulations are rank or-
dered by peak maximum circular velocity Vpeak. Galaxies
are then assigned to subhalos in descending order such
that ngal(> M∗) = nhalo(> Vpeak). In practice, there
are multiple ambiguities in the SHAM technique. First,
there is freedom in choosing how to rank order subhalos.
For example, Reddick et al. (2013) showed how the pre-
dicted two point correlation function varies when rank
ordering is performed using different halo mass proxies
such as halo mass Mvir, maximum circular velocity Vcirc,
and its peak over entire merging history, Vpeak. Moti-
vated by this work, we will evaluate how our model varies
when rank ordering by either 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 explained in the
previous section, we model the SMF for ‘total’ galaxies
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 hence 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∗;φ1,α1,φ2,α2,M0)√
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 are going to

fit the model SMF only against the limited mass range
of the s82-mgc SMF at the CMASS redshift range (8
data points at 11.5 ≤ log10(M∗/M⊙) ≤ 12.0). Our SMF
measurements probe the very high mass end of the stellar
mass function and hence are insensitive to some param-
eters 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)
(motivated by the low-mass end measurements at low
redshift from Baldry et al. (2008)). In summary, our
abundance matching model contains three free parame-
ters, 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 s82-mgc SMF, C−1

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

SMF = 0.958C−1
SMF,boot. Note

that, even though the error budget is dominated by the
Poisson noise which contributes only to diagonal compo-
nents (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 (Gao et al. 2005; Wechsler et al. 2006; Jing
et al. 2007; Gao & White 2007; Dalal et al. 2008; Li et al.
2008, see e.g.).
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.
2013; Hearin et al. 2014; Watson et al. 2014; Lim et al.
2015). This method matches galaxies and halos using
both stellar mass as well as galaxy color. The basic
premis of the approach is that redder galaxy are assigned
to older subhalos at fixed stellar mass.
In the age matching scheme, each halo is assigned

a characteristic redshift called zstarve that is computed
from the halo merger trees. This zstarve parameter is de-
fined as the maximum of three distinct age components:

• zchar: the earliest redshift at which the most
massive progenitor of a given subhalo exceeds
Mh > 1012 [M⊙/h]. For subhalos less massive than
1012 [M⊙/h], zchar is set to zchar = zobs.

• zacc: the epoch when a subhalo accretes onto a host
halo. For host halos, we set zacc = zobs.

• zform: the epoch defined by zform = cvir/(4.1aacc)−
1, motivated by the fact that there is a tight cor-
relation between the concentration parameter and
the epoch when growth of halo mass transits from a
fast to slow accretion regime (Wechsler et al. 2006).
Note that aacc = 1/(1 + zacc).

In our case we set zobs = 0.534 while in the original work
of H13, zobs = 0.
There are two notable differences between this work

and H13. First, our relevant mass regime (M∗ !
1011 [M⊙/h]) is higher than that of H13 (M∗ "
1011 [M⊙/h]). Second, H13 found that zform is the dom-
inant component of zstarve for the SDSS main sample
whereas we find that zchar is the dominant component
for CMASS (see Figure 6). Because of these key differ-
ences, the impact of assembly bias in our models will be
fundamentally different compared to H13 (see Section 6).
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galaxies. More concretely, the SHAM method begins by
rank ordering galaxies by stellar mass M∗ (or luminos-
ity). Halos drawn from N -body simulations are rank or-
dered by peak maximum circular velocity Vpeak. Galaxies
are then assigned to subhalos in descending order such
that ngal(> M∗) = nhalo(> Vpeak). In practice, there
are multiple ambiguities in the SHAM technique. First,
there is freedom in choosing how to rank order subhalos.
For example, Reddick et al. (2013) showed how the pre-
dicted two point correlation function varies when rank
ordering is performed using different halo mass proxies
such as halo mass Mvir, maximum circular velocity Vcirc,
and its peak over entire merging history, Vpeak. Moti-
vated by this work, we will evaluate how our model varies
when rank ordering by either 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 explained in the
previous section, we model the SMF for ‘total’ galaxies
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 hence 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∗;φ1,α1,φ2,α2,M0)√
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 are going to

fit the model SMF only against the limited mass range
of the s82-mgc SMF at the CMASS redshift range (8
data points at 11.5 ≤ log10(M∗/M⊙) ≤ 12.0). Our SMF
measurements probe the very high mass end of the stellar
mass function and hence are insensitive to some param-
eters 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)
(motivated by the low-mass end measurements at low
redshift from Baldry et al. (2008)). In summary, our
abundance matching model contains three free parame-
ters, 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 s82-mgc SMF, C−1

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

SMF = 0.958C−1
SMF,boot. Note

that, even though the error budget is dominated by the
Poisson noise which contributes only to diagonal compo-
nents (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 (Gao et al. 2005; Wechsler et al. 2006; Jing
et al. 2007; Gao & White 2007; Dalal et al. 2008; Li et al.
2008, see e.g.).
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.
2013; Hearin et al. 2014; Watson et al. 2014; Lim et al.
2015). This method matches galaxies and halos using
both stellar mass as well as galaxy color. The basic
premis of the approach is that redder galaxy are assigned
to older subhalos at fixed stellar mass.
In the age matching scheme, each halo is assigned

a characteristic redshift called zstarve that is computed
from the halo merger trees. This zstarve parameter is de-
fined as the maximum of three distinct age components:

• zchar: the earliest redshift at which the most
massive progenitor of a given subhalo exceeds
Mh > 1012 [M⊙/h]. For subhalos less massive than
1012 [M⊙/h], zchar is set to zchar = zobs.

• zacc: the epoch when a subhalo accretes onto a host
halo. For host halos, we set zacc = zobs.

• zform: the epoch defined by zform = cvir/(4.1aacc)−
1, motivated by the fact that there is a tight cor-
relation between the concentration parameter and
the epoch when growth of halo mass transits from a
fast to slow accretion regime (Wechsler et al. 2006).
Note that aacc = 1/(1 + zacc).

In our case we set zobs = 0.534 while in the original work
of H13, zobs = 0.
There are two notable differences between this work

and H13. First, our relevant mass regime (M∗ !
1011 [M⊙/h]) is higher than that of H13 (M∗ "
1011 [M⊙/h]). Second, H13 found that zform is the dom-
inant component of zstarve for the SDSS main sample
whereas we find that zchar is the dominant component
for CMASS (see Figure 6). Because of these key differ-
ences, the impact of assembly bias in our models will be
fundamentally different compared to H13 (see Section 6).
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Fig. 1.— (Left) The total SMF from Stripe 82 (black squares) measured from the 139.4 deg2 s82-mcg catalog 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). As a comparison, our best-fitting double Schechter function
in the AbM model (see Section 6.1 later) is shown as a solid black curve to highlight the incompleteness of the S82-MGC SMF. (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 M∗ [M⊙] > 10.5 dex. Note that the s82-mgc is complete to roughly M∗ [M⊙] > 11.2 dex. 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.

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
subhalos as a function of Vpeak. This histogram starts to
deviate from a power law at Vpeak ∼ 200 km/s and has a
clear turnover at Vpeak ∼ 150 km/s. Figure 13 shows that
MDR1 has a sufficient resolution for CMASS, although a
higher resolution would be preferable.
However, Figure 13 does not guarantee that the reso-

lution is good enough to trust our clustering predictions
down to arbitrarily small scales. Our clustering signal
is dominated by central-satellite pairs in the 1-halo term
regime, implying that it is important to study the com-
pleteness of subhalos as a function of distance to their
host-hosts, Rsub. Because the true radial profiles of sub-
halos are still poorly known, it is difficult to precisely
characterize the radius at which incompleteness effects
become important. With this caveat in mind, Behroozi
et al. (2013b) define the radius at which subhalo detec-
tions are incomplete as the radius where the logarithmic
slope of the profile becomes larger than -1.5 (or -1.7).
This cut-off is motivated by the density profiles of ob-
served subhalos in the maxBCG cluster catalog (Tinker
et al. 2011). Figure 14 shows the radial profiles of sub-
halos for different ratios of Vpeak, µsub ≡ V sub

peak/V
host
peak ,

and for three different bins in host halo mass (but di-
vided by Vpeak). In general, this radial profile becomes
gradually shallower at smaller Rsub due to the fact that
density contrast between the parent halo and subhalos
decreases in the inner regions of halos and subhalos be-
come more difficult to detect. Using the Behroozi et al.

(2013b) criterion, we estimate that subhalo detections
become incomplete at 0.1-0.7Mpc/h, depending on µsub
and Mhost, as shown in Figure 15. Note that the small-
est scale in our wp measurement is ≈ 0.2Mpc/h and is
indeed close to the incompleteness limit. We can defi-
nitely improve this situation by using higher resolution
simulations. However, we expect that the impact of the
resolution on our results should be relatively small, since
the errors of our measured wp on these scales are boosted
by systematic uncertainties in the fiber collision correc-
tion. We conclude that the resolution of MDR1 is suf-
ficient for our purpose but 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 ex-
plains the details of our methodology. Note that in this
paper we only explore models that reproduce the pro-
jected 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 redshift).

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 subhalo abundance

matching (SHAM) framework for connecting galaxies
and dark matter halos (see Section 5.2). Within the con-
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Fig. 1.— (Left) The total SMF from Stripe 82 (black squares) measured from the 139.4 deg2 s82-mcg catalog 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). As a comparison, our best-fitting double Schechter function
in the AbM model (see Section 6.1 later) is shown as a solid black curve to highlight the incompleteness of the S82-MGC SMF. (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 M∗ [M⊙] > 10.5 dex. Note that the s82-mgc is complete to roughly M∗ [M⊙] > 11.2 dex. 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.

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
subhalos as a function of Vpeak. This histogram starts to
deviate from a power law at Vpeak ∼ 200 km/s and has a
clear turnover at Vpeak ∼ 150 km/s. Figure 13 shows that
MDR1 has a sufficient resolution for CMASS, although a
higher resolution would be preferable.
However, Figure 13 does not guarantee that the reso-

lution is good enough to trust our clustering predictions
down to arbitrarily small scales. Our clustering signal
is dominated by central-satellite pairs in the 1-halo term
regime, implying that it is important to study the com-
pleteness of subhalos as a function of distance to their
host-hosts, Rsub. Because the true radial profiles of sub-
halos are still poorly known, it is difficult to precisely
characterize the radius at which incompleteness effects
become important. With this caveat in mind, Behroozi
et al. (2013b) define the radius at which subhalo detec-
tions are incomplete as the radius where the logarithmic
slope of the profile becomes larger than -1.5 (or -1.7).
This cut-off is motivated by the density profiles of ob-
served subhalos in the maxBCG cluster catalog (Tinker
et al. 2011). Figure 14 shows the radial profiles of sub-
halos for different ratios of Vpeak, µsub ≡ V sub

peak/V
host
peak ,

and for three different bins in host halo mass (but di-
vided by Vpeak). In general, this radial profile becomes
gradually shallower at smaller Rsub due to the fact that
density contrast between the parent halo and subhalos
decreases in the inner regions of halos and subhalos be-
come more difficult to detect. Using the Behroozi et al.

(2013b) criterion, we estimate that subhalo detections
become incomplete at 0.1-0.7Mpc/h, depending on µsub
and Mhost, as shown in Figure 15. Note that the small-
est scale in our wp measurement is ≈ 0.2Mpc/h and is
indeed close to the incompleteness limit. We can defi-
nitely improve this situation by using higher resolution
simulations. However, we expect that the impact of the
resolution on our results should be relatively small, since
the errors of our measured wp on these scales are boosted
by systematic uncertainties in the fiber collision correc-
tion. We conclude that the resolution of MDR1 is suf-
ficient for our purpose but 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 ex-
plains the details of our methodology. Note that in this
paper we only explore models that reproduce the pro-
jected 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 redshift).

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 subhalo abundance

matching (SHAM) framework for connecting galaxies
and dark matter halos (see Section 5.2). Within the con-
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Fig. 1.— (Left) The total SMF from Stripe 82 (black squares) measured from the 139.4 deg2 s82-mcg catalog 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). As a comparison, our best-fitting double Schechter function
in the AbM model (see Section 6.1 later) is shown as a solid black curve to highlight the incompleteness of the S82-MGC SMF. (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 M∗ [M⊙] > 10.5 dex. Note that the s82-mgc is complete to roughly M∗ [M⊙] > 11.2 dex. 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.

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
subhalos as a function of Vpeak. This histogram starts to
deviate from a power law at Vpeak ∼ 200 km/s and has a
clear turnover at Vpeak ∼ 150 km/s. Figure 13 shows that
MDR1 has a sufficient resolution for CMASS, although a
higher resolution would be preferable.
However, Figure 13 does not guarantee that the reso-

lution is good enough to trust our clustering predictions
down to arbitrarily small scales. Our clustering signal
is dominated by central-satellite pairs in the 1-halo term
regime, implying that it is important to study the com-
pleteness of subhalos as a function of distance to their
host-hosts, Rsub. Because the true radial profiles of sub-
halos are still poorly known, it is difficult to precisely
characterize the radius at which incompleteness effects
become important. With this caveat in mind, Behroozi
et al. (2013b) define the radius at which subhalo detec-
tions are incomplete as the radius where the logarithmic
slope of the profile becomes larger than -1.5 (or -1.7).
This cut-off is motivated by the density profiles of ob-
served subhalos in the maxBCG cluster catalog (Tinker
et al. 2011). Figure 14 shows the radial profiles of sub-
halos for different ratios of Vpeak, µsub ≡ V sub

peak/V
host
peak ,

and for three different bins in host halo mass (but di-
vided by Vpeak). In general, this radial profile becomes
gradually shallower at smaller Rsub due to the fact that
density contrast between the parent halo and subhalos
decreases in the inner regions of halos and subhalos be-
come more difficult to detect. Using the Behroozi et al.

(2013b) criterion, we estimate that subhalo detections
become incomplete at 0.1-0.7Mpc/h, depending on µsub
and Mhost, as shown in Figure 15. Note that the small-
est scale in our wp measurement is ≈ 0.2Mpc/h and is
indeed close to the incompleteness limit. We can defi-
nitely improve this situation by using higher resolution
simulations. However, we expect that the impact of the
resolution on our results should be relatively small, since
the errors of our measured wp on these scales are boosted
by systematic uncertainties in the fiber collision correc-
tion. We conclude that the resolution of MDR1 is suf-
ficient for our purpose but 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 ex-
plains the details of our methodology. Note that in this
paper we only explore models that reproduce the pro-
jected 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 redshift).

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 subhalo abundance

matching (SHAM) framework for connecting galaxies
and dark matter halos (see Section 5.2). Within the con-
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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
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Fig. 9.— Our best fit to the SMF (left) and to wp ((right) in the case of the fitted age matching (“AgM”) model (cyan). The goodness of fit
is ∆χ2 = (4.09+10.75)/(26−4) = 0.674. The best fitting parameters are (φ1, log10 M0,σ, µCMASS) = (2.51×10−3, 10.83, 0.136, 0.599). 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). For comparison,
the AbM result is shown by the red curve. (Right): comparison of our AbM best-fit (red line) and our AgM best-fit (cyan line) with the
BOSS wp. As a reference, contribution from central-central pairs is shown as dashed lines. Numbers in parenthesis indicate the satellite
fractions.

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 (e.g.,
Reid et al. 2014; Guo et al. 2014). We will now argue
that 1) or 2) are the most likely scenarios.
There are three main ways in which we could imag-

ine adjusting these models in order to simultaneously fit
the pseudo-multipoles in addition to wp: 1) the veloc-
ities of satellites may differ from those of subhalos, 2)
the central galaxy may have an extra velocity disper-
sion compared to the velocity of the halo core, and 3) a
different cosmology (i.e., different fσ8). The impact of
these three effects on the pseudo-multipoles has already
been explored by R14. Our previous section described
limitations of the R14 HOD model due to the fact that
it ignores mass completeness effects and redshift evolu-
tion in the CMASS sample. However, because of the
greater flexibility in HOD models and the larger number
of free parameters (5 compared to 3 for our SHAM im-
plementation), the R14 model reproduces both wp and
the pseudo-multipoles. In the following exercise, we ex-
plore the expected amplitude of velocity effects around
the best-fit R14 model.
Figure 12 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 proportional to fσ8, is varied. Green lines demon-
strate 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 particles. Cyan line illustrates the impact
of the additional velocity dispersion in central galaxies.
The amplitude of these variations are motivated by exter-
nal constraints from observations or from hydrodynami-

cal simulations (see R14 for details). 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 or cos-
mology in our AbM mock is unlikely to reproduce the
measurement.
This exercise is somewhat simplistic in the sense that

we have compared with variations around the best-fit
R14 model. While this does not guarantee that similar
variations within the context of our SHAM model would
not produce different effects, it is strongly suggestive that
adjusting velocity components or cosmology are unlikely
to alleviate the tension between our SHAM model and
the pseudo-multipoles.
In conclusion, we argue that either the SHAM frame-

work fails in the high-mass regime, or that our model is
failing to capture the true underlying connection between
halo mass, galaxy mass, and galaxy color. 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 12
that the pseudo-multipoles contain additional informa-
tion not captured by wp and that these may represent
a powerful and under-utilized tool to provide additional
constraints on the galaxy-halo connection. 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 6,
CMASS galaxies live in halos with halo masses above
1012 [M⊙/h]. In this regime, gas accretion is thought to
be dominated by the “hot halo mode” and heated by
pressure-supported shocks to a temperature that limits
star-formation (Dekel & Birnboim 2006). In addition, at
these halo masses, “maintenance mode” feed-back mech-
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Fig. 12.— Left panel: The predictions of 3D clustering signals from our abundance matching (AbM, red) and fitted age matching
(AgM, cyan). We show the results for the pseudo multipoles (monopole for solid and quadrupole for dashed lines) and compare them
with the BOSS DR10 measurement in R14. Middle panel: The fractional difference of the pseudo monopole from the BOSS DR10 data.
Our abundance-matching prediction is shown as a red curve, while the best-fitting result from HOD in R14 is shown as a black one. To
understand the variations from different velocity effects, we simultaneously plot the lines from HOD by varying three different velocity
parameters: the mean infall velocity of central galaxies (∝ fσ8, blue lines), the velocity dispersion of satellite galaxies (γIHV, green lines),
and the additional dispersion of central galaxies (γcenv, magenta line). Right panel: Same as the middle panel, but the pseudo quadrupole.

distributions in greater detail and investigate if a more
realistic age-matching model can describe the CMASS
pseudo-multipoles. This approach will provide with pow-
erful constraints on the physical mechanisms that drives
galaxy color in massive halos.
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APPENDIX

TESTS OF THE SUBHALO CATALOG

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

sufficient to model CMASS over the redshift range of
0.43 < z < 0.7. We rank order subhalos by Vpeak and
select 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 log10(M∗/M⊙) ! 11.0.
Figure 13 shows the three-dimensional correlation func-
tion of subhalos in real space as a function of separation
at three different redshift outputs and at fixed number
density 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 observational
clustering signal are increased by uncertainties due to the
fiber-collision correction. In future work, especially when
the S/N of the measurements increase (currently we are
using DR10 measurements), these effects will need to be
taken into account.
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✦ Even though our AbM model can reproduce the CMASS dn/dz, SMFs, 
    and wp, it dramatically fails to reproduce the pseudo multipole. 
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3.1. The CMASS Two-Point Correlation Function

In this paper we use the DR10 projected two-point cor-
relation function, wp, and the monopole and quadrupole

of the correlation function, ξ̂ℓ, and the associated covari-
ance matrix determined by R14. We only give a brief
summary of how these measurements were performed
and we refer the reader to R14 for additional details. The
two-dimensional redshift-space correlation function ξ(s)
is measured using the Landy-Szalay estimator Landy &
Szalay (1993):

ξ(s) =
DD(∆s)− 2DR(∆s) +RR(∆s)

RR(∆s)
, (3)

where DD, DR, and RR are the data-data, data-
random, and random-random pairs in a given bin [s −
∆s/2, s+∆s/2]. The randoms account for the survey ge-
ometry and for the completeness factor which depends on
angular position and a radial selection function, dn/dz.
The correlation function is integrated over the line-of-
sight separation to obtain the projected correlation func-
tion Davis & Peebles (1983),

wp(rp) = 2

∫ rπ,max

0
drπ ξ(rp, rπ), (4)

where the three-dimensional pair separation s in redshift
space is split into a component transverse (rp) and paral-
lel (rπ) to the line-of-sight direction. The integral is per-
formed to rπ,max = 80Mpc/h and wp is measured from
0.194 Mpc/h to 25.98 Mpc/h with 18 equally spaced log-
arithmic bins. The advantage of using the projected cor-
relation function is that it is less sensitive than ξ(s) to the
effects of galaxy peculiar velocities. Note that, however,
we do account for the RSD effect (van den Bosch et al.
2013) in our modeling through the velocity of subhalos
(see next section). The projected two-point correlation
function is measured separately for the NGC and the
SGC and these measurements are combined using a sim-
ple average, weighted by the number of CMASS galaxies
in each hemisphere.
The wp measurement from R14 does not use the opti-

mal weights (the so-called “FKP” weights), or the sys-
tematic weights. The systematic weights affect large
scales and hence are not relevant for our small-scale
measurement. Also, this approach enables a more fair
comparison with our measurement of the galaxy stellar
mass function which does not use any weighting scheme.
Weights are applied, however, to account for redshift fail-
ures and for fiber collisions. Fiber collisions are par-
ticularly important for small scale clustering measure-
ments with BOSS – the fiber-collison scale in BOSS is
62 arcsecond which corresponds to a comoving scale of
∼ 0.45Mpc/h at z ∼ 0.57. To complicate matters, the
BOSS tiling strategy also introduces a correlation be-
tween fiber collisions and the density field. R14 studied
the impact of fiber collisions for the CMASS sample us-
ing tiled mock catalogs. They adopted a radial depen-
dent correction scheme in which an angular upweight-
ing method is adopted at rp < 1.09Mpc/h and a near-
est neighbor (NN) weighting scheme is adopted at larger
scales. Finally, the correlation function is debiased for
residual fiber-collision effects using the tiled mock cata-
logs.

The covariance matrix for wp, Cwp,boot, is derived from
5,000,000 realizations drawn from 200 bootstrap regions
which are roughly equal in size and shape. An addi-
tional 10% uncertainty due to the angular upweighting
method and the debiasing procedure are propagated into
the diagonal element of the covariance matrix. As a re-
sult, the measurement error on wp increases below rp =
1.09Mpc/h. Finally, the inverse covariance matrix is cor-
rected following Hartlap et al. (2007). With nboot = 200
and nbin = 18, this leads to a 0.904 correction to the final
inverse covariance matrix, C−1

wp,meas = 0.904C−1
wp,boot

.
In addition to wp, we will also use the monopole

and quadrupole of the correlation function which con-
tain information about the peculiar velocities of galax-
ies. Again, following R14, we adopt the pseudo multipole
correlation function defined by

ξ̂ℓ(s) = (2ℓ+ 1)

∫ µmax(s)

0
dµ ξ(s, µ)Lℓ(µ), (5)

where s2 = r2p + r2π, µ = rπ/s, and Lℓ(µ) is the ℓ-th
order Legendre polynomial. The integration over the az-
imuthal angle µ is performed up to µmax(s) ≡ 0.534/s
in order to minimize the impact of fiber collisions on the
small-scale measurements. We refer the reader to R14
for further details.

3.2. The Total Stellar Mass Function at z = 0.55

As shown in Leauthaud et al. (in prep), the CMASS
sample is only stellar mass complete at the very high
mass end and in a narrow redshift range. To perform
abundance matching, however, we need to measure the
total SMF as well as the fraction of CMASS galaxies as
a function of stellar mass and redshift. Indeed, for abun-
dance matching a complete galaxy sample is necessary
when rank ordering galaxies versus halos.
Bundy et al. (in prep) present an estimate of the to-

tal SMF at z ∼ 0.5 by using the s82-mgc catalog which
extends ∼ 2 magnitudes fainter than the SDSS single
epoch imaging data (Reis et al. 2012; Jiang et al. 2014).
In order to compute the total SMF, Bundy et al. (in
prep) use a combination of spectroscopic redshifts, sup-
plemented with photometric redshifts (photo-z’s) when a
spectroscopic redshift is not available. We adopt a simi-
lar approach and compute the total SMF from the s82-
mgc at log10(M∗/M⊙) > 10.5 over 0.43 < z < 0.70. Our
analysis assumes that the total SMF does not vary over
this redshift range. The result is shown in Figure 1. Er-
ror bars on SMF represent the square root of the diagonal
component of the covariance matrix which is estimated
from the data using 214 nearly-equal area bootstrap re-
gions.
The left panel of Figure 1 shows a comparison between

our SMF with results from COSMOS (Leauthaud et al.
2011) and PRIMUS (Moustakas et al. 2013) at similar
redshifts. As can be seen in Figure 1, because of the large
area covered by Stripe 82, the high mass end of the total
SMF is tightly constrained at log10(M∗/M⊙) > 11.3 over
0.43 < z < 0.70 while COSMOS and PRIMUS constrain
the low mass end. The comparison with COSMOS and
PRIMUS suggests that the s82-mgc is roughly complete
to log10(M∗/M⊙) ∼ 11.2.
To perform abundance matching, we need to evaluate

the total SMF over the entire mass range covered by the

pseudo 
multipole

less sensitive to fiber collision
Reid et al. (2014)



16

Summary: CMASS-Halo connection

HOD  
[Reid et al. 2014] SHAM SHAM 

+ age matching

CMASS dn/dz down sample ◯ ◯

CMASS SMF(z) X ◯ ◯

2D clustering, wp ◯ ◯ ◯

3D clustering, ξl ◯ X Hopefully ◯

gal-gal lensing X △ Hopefully ◯

✦ We are still looking for a perfect description of the galaxy-halo connection.
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Towards PFS: (personal) lessons from BOSS
✦ To obtain Stellar-Mass-Limited sample 
    1) Should be calibrated with deeper survey. Is “HSC deep” sufficient? 
    2) Spec-Z is key. The deep field should be observed in early phase.

✦ To better control fiber collision  
    1) 30 arcsec ~ 0.4 Mpc/h @ z~1.4  
    2) In particular for RSD, uniform tiling is desirable.

✦ For theory people (even within a ΛCDM model) 
    1) find a good model to predict bX(Mhalo) 
    2) understand halo assembly bias  
    3) understand velocity relation b/w galaxy & halo Wu et al. (2013)

Miyatake et al. (2015)


