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CO-EVOLUTION OF GALAXY & DM HALO
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✦ Cosmology via galaxy clustering at large scales, 

✦ Galaxy evolution via galaxy clustering at small scales,

- Baryon Acoustic Oscillations → Dark Energy

- Redshift-Space Distortions → Modified Gravity

- Shape of galaxy P(k) → Neutrino Masses

Anderson, S.S. et al. 2014

Beutler, S.S., Seo et al. 2014
Beutler, S.S., et al. 2014
S.S., Takada, Taruya 2011 
Zhao, S.S. et al. 2013

host halo

central

satellite

- sensitive to how galaxy distributes in a dark matter halo
- color- & redshift-dependence of 
  satellite fraction, kinematics etc.

SDSS

Bi-modality in color

Interplay between theory and observations

! We think we understand the formation and evolution of the dark side of the 
Universe quite well......but what about the light side?

Many observed bimodal galaxy properties

Blanton et al. (2003)

Color

blue
red

blue cloud

red sequence

Tuesday, October 8, 13

Galaxy Evolution Phenomenology

Blanton et al. 2003



GALAXY CORRELATION FUNCTION
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❖ 3D correlation function

❖ projected correlation function

736 F. C. van den Bosch et al.

Figure 2. Top panels show the galaxy–galaxy two-point correlation functions for three different magnitude bins, as indicated in the top panels [values in
square brackets indicate 0.1Mr − 5 log h]. Coloured symbols reflect the results obtained from the mock galaxy distribution in the L250 simulation box, while
the solid line is the prediction of our analytical model. The middle panels show the contributions from the one-halo central–satellite term (purple symbols,
labelled ‘1h[cs]’), the one-halo satellite–satellite term (blue symbols, labelled ‘1h[ss]’) and the two-halo term (green symbols, labelled ‘2h’). Once again, the
solid lines show the model predictions. As in Fig. 1, error bars reflecting Poisson statistics are indicated, but are almost always smaller than the symbols. The
bottom panels show the fractional difference between model and mock for the total correlation functions shown in the top panels. The dark and light shaded
areas indicate fractional errors of less than 5 and 10 per cent, respectively. As is evident, the accuracy of our model is typically better than 5 per cent, and
always better than 10 per cent.

4.3 Testing halo exclusion

Having calibrated the scale dependence of the halo bias, we now
proceed to test the accuracy of our model in calculating ξgg and
ξgm, focusing in particular on the accuracy of our treatment of halo
exclusion. Using the mock galaxy distribution (hereafter MGD) of
the L250 simulation box, we first compute the real-space correlation
function for three different luminosity bins. The orange filled circles
in the upper panels of Fig. 2 show the results thus obtained. In the
panels in the middle row, we show the contribution to ξgg(r) from the
two-halo term (green filled circles), the one-halo central–satellite
term (purple filled circles) and the one-halo satellite–satellite term
(blue filled circles). In the high-luminosity bin (right-hand panels),

the galaxy–galaxy correlation function is dominated by the one-halo
central–satellite term on small scales (r ! 0.3 h−1 Mpc) and by the
two-halo term on large scales (r " 1.0 h−1 Mpc). On intermediate
scales, the one-halo satellite–satellite term dominates. Note how this
term becomes more and more dominant for less luminous galaxies;
in fact in the lowest luminosity bin considered here (left-hand pan-
els), the one-halo satellite–satellite term completely dominates the
signal for r ! 1 h−1 Mpc. This reflects the fact that the satellite frac-
tion increases drastically from fsat ≃ 0.136 for the brightest bin, to
fsat ≃ 0.465 for the intermediate luminosity bin and to fsat ≃ 0.996
for the faintest bin. Note, though, that these satellite fractions are
unrealistic due to the adopted cut-offs in halo mass at M = 1012

and 1014.5 h−1 M⊙. For example, for the CLF adopted here,
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van den Bosch et al., 2013
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Figure 7. Top panel: The measurements of the projected galaxy clustering signal wp rp(rp) are shown as blue solid circles with errorbars. The one-halo and
two-halo terms for the best fit model are shown using dashed and dot-dashed lines, respectively. Bottom panel: The measurements of the galaxy-galaxy lensing
signal are shown as blue solid circles with errorbars. The model constraints are derived from the joint fitting of the halo model to the two measurements, properly
taking into account the covariance matrix for each of these measurements separately. The corresponding 68% and 95% model predictions from the Monte-Carlo
Markov chain elements are shown using purple and dark purple shaded regions in each of the panels, respectively. The purple dashed or dotted lines at the small
radii in the bottom panel show the 68% and 95% upper limit on the stellar mass contribution from the CMASS galaxies. The best-fit model has �2 = 39.55 for
39 degrees of freedom for the two measurements in total. The one-halo central term, the one-halo satellite term and the two-halo term for the best-fit model are
shown using green dashed, dotted and dot-dashed lines, respectively. Although one may notice an apparent large discrepancy between the best-fit model and the
clustering signal wp rp(rp) at rp >⇠ 10 h�1Mpc, where the measurements at di↵erent radii are highly correlated with each other, the discrepancy can be easily
remedied by allowing cosmological parameters to vary in the model fitting together with the HOD parameters (see Paper II for details).

the power spectrum in the fiducial cosmological model we
have assumed. In the companion paper, we will demonstrate
that this discrepancy is easily remedied by including cosmo-
logical parameters in the fitting analysis. Nevertheless, we
emphasize that the galaxy-galaxy lensing signal, which is an
independent data from the clustering signal, is well fit with
the same HOD model.

There are a few parameter degeneracies in Fig. 8 which are
worth highlighting. First, the scatter in halo masses, �2, is
tightly correlated with the mass scale, Mmin, above which ha-
los host one central galaxy. This degeneracy is expected due
to the dependence of each of the observables on these two
parameters. Increasing Mmin results in increasing the mean

halo mass of galaxies (and also the galaxy bias relevant for
the large scale clustering). However, one can compensate for
this increase by increasing the scatter, and thereby including
more lower mass halos.

The second prominent degeneracy is between the param-
eters Mmin and Msat and can also be understood given our
observables. Keeping all other parameters fixed, increasing
Mmin results in an increase in the satellite fraction of our
galaxies, and the clustering on small scales is sensitive to the
satellite fraction. However, this change can be compensated
by increasing the value of Msat, thus restoring the satellite
fraction to that required by the data.

The last degeneracy we highlight is between the two param-

Miyatake et al., 2013

- less sensitive to RSD

- small-scale clustering is sensitive to  
  1-halo regime



GALAXY-HALO CONNECTION
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❖ need to model nonlinear regime → simulation but…

❖ Semi-Analytic Model (SAM)

❖ Subhalo Abundance Matching (SHAM)

4

❖ Halo Occupation Distribution (HOD)

- assume a functional form for central and satellite occupation  
  as a function of the host halo mass M

Berlind & Weinberg 2002, Zheng et al. 2005

- conditional luminosity function (CLF) is the same

- parametrize galaxy formation with many free parameters Benson 2014

- too simple but the least free parameters

Kravstov 2004…

- assembly bias can be taken into account
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SUBHALO ABUNDANCE & AGE MATCHING
❖ Subhalo Abundance Matching

❖ Subhalo Age Matching

- A more brighter galaxy tends to live in a more massive halo

- Rank-order galaxies by luminosity (or stellar mass),  
  and subhalos by mass (or maximum circular velocity )

- At fixed luminosity, an redder galaxy  
   tends to live in an older halo

Hearin et al. 2013abc, Zentner et al. 2013

- halo formation age is defined  
  by concentration 

8 Hearin et al.
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Figure 2. Stellar mass- and color-dependent clustering as predicted by our age matching formalism. Top Row : The projected
correlation function (multiplied by rp) predicted by our model (black solid curves) as compared to the clustering of three SDSS
stellar mass threshold samples: log10(M∗) > [9.8, 10.2, 10.6]. Bottom Row : Correlation functions split by color for red (blue) mock
galaxies shown with red (blue) solid curves. Red (blue) points show the clustering of red (blue) SDSS galaxies. Solid bands in
each panel show the error in our model prediction as described § 5.1. The log10(M∗) > 9.8 and log10(M∗) > 10.6 predictions for
the color-dependent clustering are in excellent agreement with the data at all scales. The slight under-prediction of abundance
matching on small scales for the log10(M∗) > 10.2 sample (top, center panel) propogates through to the color split (bottom, center
panel), though the relative color split is captured by the model.

(black solid curves versus SDSS solid black data points
in the top row), though the amplitude of the model pre-
diction appears slightly boosted relative to the data for
all three stellar mass thresholds. Red and blue filled cir-
cles in all panels represent the red and blue SDSS galaxy
populations, respectively, while red and blue solid curves
are the model predictions according to age matching. The
separation in ∆Σ between red and blue samples is pre-
dicted reasonably well, excepting only blue samples on
small scales, where measurement errors become large.

6.4 Galaxy Group Environment

In addition to wp(rp) and ∆Σ, we employ a group-finder
to test how well our model predicts the scaling of central
and satellite color with host halo mass. As our proxy for
halo mass we use MBCG

∗ , the stellar mass of the group’s
central galaxy. In Fig. 4, we show the mean g − r color
of group galaxies as a function of MBCG

∗ . We show the
results for central galaxies and satellites from left to right,
respectively. The dashed line is the mean g − r color of

the mock galaxies in a given MBCG
∗ bin. The solid gray

region shows Poisson errors on the mean color in each
bin.

There is excellent agreement between mock and ob-
served satellite galaxy color. This is also true for central
galaxies excepting some slight tension at the low MBCG

∗

end. Again, we emphasize that we have not tuned any
parameters in our model. The successful prediction for
central and satellite colors naturally emerges from the
age distribution matching formalism. Specifically, at fixed
stellar mass, the colors of our mock galaxies are drawn
from the same color PDF, PSDSS(c|M∗), regardless of sub-
halo or host halo designation. Moreover, our color assign-
ment algorithm takes no explicit account of subhalo or
host halo mass. Therefore, our model’s correct prediction
for the environmental-dependence of satellite and central
galaxy colors arises purely due to the environmental de-
pendence of Vmax and zstarve of dark matter halos and
subhalos.

c⃝ 0000 RAS, MNRAS 000, 000–000

Hearin et al. 2013

Goal of this study !
to predict the BOSS CMASS wp as 
a function of scale, redshift & color
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SIMULATED MOCK HALO CATALOG
❖ BOSS covers a huge volume (~2.3[(Gpc/h)3]) with a high number density     

→ high resolution with large box size simulation is mandatory!

❖ MULTIDARK WMAP5 cosmology (MDR1)

- Lbox=1Gpc/h, N=20483

❖ ROCKSTAR subhalo finder

Riebe et al. 2013

- utilizes 7D information (position, velocity and time)
Behroozi et al. 2013ab

- one of the best subhalo finders
Onions et al. 2013

- halo merger trees are available
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OBSERVATIONS
❖ Baryon Oscillation Spectroscopic Survey (BOSS)

- a part of Sloan Digital Sky Survey III (SDSS-III, 2009-2014)

- DR11 covers ~700,000 CMASS galaxies at 0.43<z<0.7 in ~8,500deg2The CMASS galaxy sample"

Standard'colour'selec.on'criteria'

Also'include'star1galaxy'separa.on'criteria'

Extends'SDSS1II'LRG'cuts'to'
cover'both'blue'and'red'
massive'galaxies'at'higher'
redshi@s'

SDSS-II LRGs"

BOSS CMASS"

❖ We need a complete catalog!

- CMASS is designed to extend SDSS-II LRGs

- CO-ADDS in Stripe 82

- SDSS photometry combined with UKIDSS near IR bands (over 149deg2) 
	 better photo-z & stellar mass estimates

Annis et al. 2011, Jiang et al. 2014

Bundy et al., in prep

BOSS CMASS wp is the target statistics  
we want to model!

The complete catalog is used in abundance matching!
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NORMAL ABUNDANCE MATCHING
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❖ We assume the ‘global’ stellar mass function, and convolved with 
log-normal scatter with                                                                    
→ could account for sample variance, photo-z errors etc.
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❖ assign a galaxy with larger           to a subhalo with larger 

w/ scatter
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❖ assign other galaxy properties taken from (color, stellar mass) 
Standard AbM (no color dep.) Vpeak
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black points: BOSS CMASS DR11 DATA
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AGE MATCHING
❖ For a fixed      , assign a galaxy with larger           to a subhalo with larger 
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Age Matching

❖ For M >> Mcollapse, younger (lower       ) halos more strongly clustered    

Wechsler et al. 2006, Zentner 2007, Daral et al. 2008

❖ Age Matching puts blue galaxies as less strongly clustered satellites                                   
→ This is an opposite direction from what we want

❖ For M >> Mcollapse, younger halos live in dense environment, meaning that, 
at fixed       , satellites have lower concentration than centrals   
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MAKE SATELLITES REDDER
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SUMMARY
❖ Subhalo Abundance & Age Matching is a powerful way to model the 

galaxy-halo connection with fewer free parameters than HOD or SAM.

❖ We aim at modeling the BOSS CMASS galaxy clustering at 0.1-10 Mpc/h

❖ Normal Subhalo Abundance Matching

- works well to predict the whole CMASS wp

- under-predict clustering of red, over-predict clustering of blue

❖ Age Matching

- in this massive regime, the matching against concentration doesn’t work

- inversely, making satellites redder seems to be an answer



FUTURE PROSPECTS
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❖ Questions I would like to ask the audience

- velocity information should be available via RSDs

- physical argument of making massive satellite galaxies redder

Reid et al. 2014 
Guo et al. 2014

- galaxy-galaxy lensing pushes smaller scale

❖ Future prospects in 20’s
- a bunch of data is available 
        photo-z (HSC, DES, LSST) + spec-z (PFS, DESI, Euclid)

- could establish the galaxy-halo connection model 
        beyond mass (or HOD)! 
        feedback to galaxy formation combined with simulation studies

Tinker et al. 2013
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COLOR & COMPLETENESS
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PREDICTED HOD

The Astrophysical Journal, 728:126 (10pp), 2011 February 20 White et al.

Figure 7. Redshift-space, isotropic correlation function for the 0.4 < z < 0.7
sample in regions A, B, and C (points). The same power-law correlation function
which fits the wp data on intermediate scales, with s0 = 7.5 h−1 Mpc, is shown
as the dot-dashed line while the solid line is the prediction for ξ (s) from the
best-fitting HOD model to wp , assuming no velocity bias for satellites and that
central galaxies are at rest in their halos. The good agreement below a few Mpc
is an indication that the satellite fraction in the model is close to that in the data
and any velocity bias is small.

3.3. Cross-correlation

Finally we consider wp computed from the cross-correlation
of the imaging catalog with the spectroscopy—this allows us to
isolate the galaxies to a narrow redshift shell and convert angles
to (transverse) distances while at the same time being insensitive
to the details of the spectroscopic selection including the issue
of fiber collisions.19 As described in Padmanabhan et al. (2009),
the angular cross-correlation of the imaging and spectroscopic
samples, with angles converted to distances using the redshift
of the spectroscopic member, can be written as

w×(R) = ⟨f (χ )⟩ wp(R), (10)

where f (χ ) is the normalized radial distribution of the pho-
tometric sample as a function of comoving distance, χ , and
the average is over the redshift distribution of the spectroscopic
sample. Note that w×(R) is dimensionless, with f (χ ) having di-
mensions of inverse length and wp having dimensions of length.

Figure 8 shows the cross-correlation for regions A, B, and C
along with a power-law correlation function. The normalization
of this figure differs from that of Figure 5 by a factor of
⟨f (χ )⟩ ∼ O(10−3). Because the signal is suppressed by the
width of f (χ ) the estimate of wp from the cross-correlation
is significantly noisier than that from the auto-correlation (see
Myers et al. 2009, Section 2.1, for related discussion). The
cross-correlation estimate is consistent with our auto-correlation
results but we have not attempted to fit any models to it directly.
We have extended the cross-correlation to smaller scales in the
figure to emphasize that there is significant power even on very
small scales, which are difficult to probe directly with the auto-
correlation function due to the fiber collision problem.

19 One must still up-weight some of the spectroscopic galaxies to account for
the fact that fiber collisions occur more often in dense regions. This issue turns
out to be a very small effect here, in part because BOSS is a deep survey and
the correlation between 2D overdensity on the sky and 3D overdensity is
washed out by projection.

Figure 8. Cross-correlation function, w×(R), of the spectroscopic and pho-
tometric samples which is proportional to wp(R) (Equation (10)). The dot-
dashed line represents a power-law correlation function. Error bars have
been suppressed to avoid obscuring the figure. Due to the small value of
⟨f (χ )⟩ ∼ O(10−3) the error bars are significant, especially at large scales,
and are roughly the difference between the plotted lines for regions A, B,
and C.

4. HALO-OCCUPATION MODELING

In order to relate the observed clustering of galaxies with the
clustering of the underlying mass, and to make realistic mock
catalogs, we interpret our measurements within the context of
the HOD (Peacock & Smith 2000; Seljak 2000; Benson et al.
2000; White et al. 2001; Berlind & Weinberg 2002; Cooray &
Sheth 2002). The HOD describes the number and distribution
of galaxies within dark matter halos. Since the clustering
and space density of the latter are predictable functions of
redshift, any HOD model makes predictions for a wide range of
observational statistics. Rather than perform a simultaneous fit
to the real- and redshift-space correlation functions (including
their covariances) we choose to fit to the real-space clustering
only and show that the models which best fit these data also
provide a reasonable description of the redshift-space clustering
results. This avoids the need to make additional assumptions
for modeling the redshift space correlation function. We also
implicitly assume that we are measuring a uniform sample of
galaxies across the entire redshift range, so that a single HOD
makes sense. We tested this assumption by splitting the sample
into high- and low-redshift subsamples.

We use a halo model which distinguishes between central and
satellite galaxies with the mean occupancy of halos:

N (M) ≡ ⟨Ngal(Mhalo)⟩ = Ncen(M) + Nsat(M). (11)

Each halo either hosts a central galaxy or does not, while the
number of satellites is Poisson distributed with a mean Nsat. The
mean number of central galaxies per halo is modeled with20

Ncen(M) = 1
2

erfc
!

ln(Mcut/M)√
2σ

"
(12)

and

Nsat(M) = Ncen

#
M − κMcut

M1

$α

(13)

20 Note that our definition of σ can be interpreted as a fractional “scatter” in
mass at threshold but is a factor ln(10)/

√
2 different than that in Zheng et al.

(2005).

6

❖ HOD functional form



SCATTER IN ABM
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❖ Sample variance in the observed SMF can be reduced by introducing scatter

❖ We assume the observed SMF is a ‘global’ one convolved with  
Behroozi et al. 2010, Reddick et al. 2012

Bundy et al, in prep

✦ The global SMF is fitted with the Schecter function Lin & White 2009

✦ Abundance Matching is done against the global SMF
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ARTIFICIAL EXPERIMENT
- In order to see how well making satellite only redder works, 
  we did the following experiment.

- Then do Age Matching against ‘X’. Again note that this is not  
base on physics and just an artificial experiment. 
- We call this the “X0.5” model.  μ can be tweaked to match small scale 
clustering.

- We artificially prepare the halo property ‘X’ whose distribution   is Gaussian 
but satellites has bigger mean (μ=0.5 with σ=1.0).

P(X)

central
satellite

X


