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Motivation

Cosmological Constraints:
10 Cacciato et al.

Figure 3. The 68% and 95% CLs of the joint two-dimensional,
marginalized posterior distribution for our Fiducial model, ob-
tained from the simultaneous analysis of the abundance, cluster-
ing and lensing of galaxies in the SDSS. The green contours show
the corresponding CLs for the WMAP7 analysis of the CMB (Ko-
matsu et al. 2011), and are shown for comparison.

variations. The constraints on galaxy bias, as characterized
via the CLF, are discussed in §5.3.

As discussed above, our Fiducial model consists of 16
free parameters; the two primary cosmological parameters
of interest, Ωm and σ8, for which we use uniform, non-
informative priors, the secondary cosmological parameters
ns, h and Ωb h

2, for which we use priors from WMAP7 (in-
cluding their covariance), the 9 CLF parameters that de-
scribe the halo occupation statistics, also with uniform, non-
informative priors, and finally the 2 nuisance parameters, ψ
and η, for which we adopt Gaussian priors as described in
§3.6. With a grand total of 182 constraints (32 data points
for the LF, six bins of 13 data points each for the projected

correlation function‡‡ and six bins of 12 ESD data points),
this implies 182− 16+ 5 = 171 degrees of freedom, which is
the number we have used to compute the reduced χ2 values
listed in the final column of Table 3.

Figs. 1 and 2 compare the predictions of the Fiducial

model (shaded regions, indicating the 95% confidence levels)
to the data used to constrain the model (solid dots with error
bars, indicating the 68 % confidence levels). Fig. 1 shows
that the model accurately fits the r-band galaxy luminosity
function. Although most data points agree with the model
predictions at the 1σ level, the data reveals a few small
‘wiggles’ at the faint end that are not reproduced by the
model, and which contribute dominantly to χ2

LF, the value
of which is listed in Table 3.

‡‡ Although the galaxy-galaxy clustering data points have co-
variance, we have verified that the covariance matrix for each lu-
minosity bin has rank equal to 13, and therefore does not reduce
the number of constraints.

The left-hand side of Fig. 2 shows the projected correla-
tion functions, wp(rp), for six different magnitude bins. We
caution that, because of the covariance in the data, which
is accounted for in the modeling (see §4), the quality of the
fit cannot be judged by eye. However, it is evident from
the χ2 values of the best-fit Fiducial model (see Table 3),
that the total χ2 is clearly dominated by χ2

Wp. In particular,
χ2
Wp > 2χ2

ESD, even though the projected correlation func-
tions only have 78/72 ≃ 1.08 times as many data points.
It turns out χ2

Wp is dominated by the contribution from
the data in the [−20,−21] magnitude bin. Interestingly, this
bin covers the volume that encloses the Sloan Great Wall
(SGW), a huge supercluster at z ∼ 0.08 and the largest co-
herent structure detected in the SDSS (Gott et al. 2005). As
discussed in Zehavi et al. (2011), pruning the data sample
so as to exclude the SGW region results in a significantly
reduced clustering strength for galaxies in the [−20,−21]
magnitude range (i.e., the correlation length is reduced from
r0 = 5.46±0.15 to 4.82±0.23). We return to this issue, and
its potential impact on our cosmological constraints, in §6.4
when we discuss the potential impact of sample variance.

Finally, the right-hand side of Fig. 2 shows the excess
surface densities, ∆Σ(R), again for six different magnitude
bins as indicated. The model nicely reproduces the overall
trends in the data, with only a few data points that fall
outside the 95% confidence region of the model. Overall, we
conclude that our Fiducial model is consistent with the
data at a satisfactory level. In particular, the most impor-
tant features in the data are nicely reproduced by the model
and find a natural explanation within the framework of the
halo model. For example, the fact that brighter galaxies re-
veal stronger clustering and higher excess surface densities
is consistent with the common notion that brighter galaxies
reside in more massive haloes. The lensing signal is directly
sensitive to this aspect because it probes the matter distri-
bution around galaxies, whereas the clustering signal is af-
fected by it only indirectly due to the fact that more massive
haloes are more strongly clustered than less massive ones
(e.g., Mo & White 1996). Also, the relatively weak devia-
tions of wp(rp) and ∆Σ(R) from pure power-laws typically
reflect transitions from scales where the signal is dominated
by different components of the power spectra. Examples are
the 1-halo to 2-halo transition (e.g., Zehavi et al. 2004) and
the 1-halo central to 1-halo satellite transition for the excess
surface densities (e.g., Cacciato et al. 2009).

5.1 Cosmological Parameters

Fig. 3 shows the constraints on our two primary cosmolog-
ical parameters of interest; Ωm and σ8. The blue contours
show the 68% and 95% CLs of the joint two-dimensional,
marginalized posterior distribution obtained from our si-
multaneous analysis of the abundance, clustering and lens-
ing of galaxies in the SDSS. The green contours show the
corresponding CLs for the WMAP7 analysis of the CMB
(Komatsu et al. 2011), and are shown for comparison. Note
that our results are in excellent agreement with those from
WMAP7, strengthening the case for a true concordance cos-
mology. In particular, our analysis yields Ωm = 0.278+0.023

−0.026

and σ8 = 0.763+0.064
−0.049 (both 95% CL), while the WMAP7

analysis has Ωm = 0.264+0.064
−0.049 and σ8 = 0.801+0.059

−0.058 (both
95% CL). Note also that the degeneracy between Ωm and

c⃝ 2008 RAS, MNRAS 000, 1–21
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FIG. 5.— Left panel: Average star formation rates as a function of halo mass and redshift. The overlaid white lines show average mass accretion histories
for halos as a function of redshift for comparison. The grey area shows halos that would have a mass of > 1015.5M⊙ at z = 0 and therefore are not expected to
exist. Right panel: Star formation histories (SFH) as a function of present-day halo mass and redshift, for galaxies at z = 0. This figure shows the historical star
formation rate for stars in the galaxy at the present day. Since the contribution of stars from merging galaxies is so low, this is equivalent to the star formation
rate traced along the white mass accretion trajectories in the left panel.
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FIG. 6.— Left panel: Average star formation rates for the galaxies in halos at a given halo mass and redshift (lines). Shaded regions indicate the one-sigma
posterior distribution. Right panel: Average star formation histories as a function of halo mass and redshift (lines). Shaded regions indicate the one-sigma
posterior distribution. Histories for 1015M⊙ halos are not shown as they are very similar to those for 1014M⊙ halos.
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FIG. 7.— Left panel: Evolution of the derived stellar mass as a function of halo mass. In each case, the lines show the mean values for central galaxies. These
relations also characterize the satellite galaxy population if the horizontal axis is interpreted as the halo mass at the time of accretion. Error bars include both
systematic and statistical uncertainties, calculated for a fixed cosmological model (see §4 for details). Right panel: Evolution of the derived stellar mass fractions
(M∗/Mh) as a function of halo mass.
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Figure 2. The specific star formation rate (measured within
the SDSS fibre aperture) of neighbouring galaxies is plotted as
a function of projected distance from the central galaxies. Re-
sults are shown for central galaxies in the stellar mass range
10 < logM∗ < 10.5M⊙. In each of the four panels, the central
galaxies have been ordered by a different quantity: a) ”pseudo” HI
mass fraction (top left), b) HI deficiency parameter (top right),
c) fibre specific star formation rate (bottom left), d) total specific
star formation rate (bottom right). Red, black, green, blue and
cyan curves indicate results for central galaxies that fall into the
0-25th percentile, 25-50th percentile, 50-75th percentile, > 75th
percentile and > 90th percentile ranges of distribution of these
four quantities. Solid curves indicate the median of the SFR/M∗

distribution for neighbouring galaxies at given radius, while up-
per and lower dotted curves indicate the 25th and 75th percentiles
of the SFR/M∗ distribution. Errorbars on the median have been
computed via boot-strap resampling.

small separations and disappear at projected radii beyond
∼ 2− 3 Mpc.

In Figure 4, we investigate trends with stellar mass
in more detail by showing results in four different central
galaxy stellar mass bins spanning the range M∗ = 5×109M⊙

to 3× 1011M⊙. For simplicity, we only show the case where
the central galaxies are ordered by HI deficiency. At low
stellar masses, conformity is strongest on large scales and
applies only in the gas-poor regime. At high stellar masses,
conformity is strongest on small scales and applies only in
the gas-rich regime. The cross-over between the two regimes
occurs for central galaxies with stellar masses ∼ 3×1010M⊙.
In the 10.5 < logM∗ < 11M⊙ bin, conformity is seen both
on small scales for gas-rich central galaxies, and on large
scales for gas-poor central galaxies.

So far, we have only investigated the sensitivity of con-
formity to the indicator used to partition central galaxies
into gas-rich/strongly-star-forming and gas-poor/weakly-
star-forming systems. We concluded that conformity is
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Figure 3. As in Figure 2, except for central galaxies in the stellar
mass range 11 < logM∗ < 11.5M⊙.
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Figure 4. As in Figure 2, except results are shown for central
galaxies in four different stellar mass ranges. For simplicity, we
only show the case where central galaxies are ordered by HI defi-
ciency.
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Part I
A Lightning Tour of Galaxy Phenomenology



Galaxy Evolution Phenomenology
Luminosity-Dependent Clustering

Galaxy Clustering in the Completed SDSS Redshift Survey 11

TABLE 1
Volume-limited Correlation Function Samples Corresponding to Luminosity Bins

Mr czmin czmax Ngal Nblue Nred r0 γ χ2

dof
r0d γd n̄ ⟨Mr⟩ πmax

-23 to -22 30,900 73,500 10,251 1,797 8,452 10.47 ± 0.25 1.92 ± 0.03 2.4 10.40 ± 0.18 1.94 ± 0.02 0.004 -22.22 60
-22 to -21 19,900 47,650 73,746 27,496 46,249 5.98 ± 0.11 1.92 ± 0.02 5.0 6.30 ± 0.06 1.88 ± 0.01 0.111 -21.32 60
-21 to -20 12,600 31,900 108,629 50,879 57,749 5.46 ± 0.15 1.77 ± 0.02 3.8 5.80 ± 0.09 1.75 ± 0.01 0.530 -20.42 60
-21 to -20 12,600 19,250∗ 17,853 8,103 9,749 4.82 ± 0.23 1.87 ± 0.03 2.5 5.33 ± 0.13 1.81 ± 0.03 0.530 -20.42 40
-20 to -19 8,050 19,250 44,348 25,455 18,892 4.89 ± 0.26 1.78 ± 0.02 3.8 5.19 ± 0.13 1.80 ± 0.02 1.004 -19.47 60
-19 to -18 5,200 12,500 18,200 13,035 5,165 4.14 ± 0.30 1.81 ± 0.03 2.3 4.59 ± 0.18 1.93 ± 0.04 1.300 -18.48 40
-18 to -17 3,200 7,850 5,965 4,970 995 2.09 ± 0.38 1.99 ± 0.14 2.0 4.37 ± 0.37 1.91 ± 0.08 1.972 -17.46 40

Note. — All samples use 14.5 < mr < 17.6. r0 and γ are obtained from fitting a power-law to wp(rp) using the full error covariance matrices,
while r0d and γd are obtained when using just the diagonal elements. For all samples, the number of degrees-of-freedom (dof) is 9 (11 measured wp

values minus the two fitted parameters). n̄ is measured in units of 10−2 h3 Mpc−3. A handful of galaxies do not have well measured colors, so Nblue
and Nred do not sum to Ngal. The smaller −21 < Mr < −20 sample, indicated with an asterisk, is limited to a smaller redshift range to avoid the
effects of the Sloan Great Wall (see text).

TABLE 2
Volume-limited Correlation Function Samples Corresponding to Luminosity Thresholds

Mmax
r czmax Ngal Nblue Nred r0 γ χ2

dof
r0d γd n̄ πmax

-22.0 73,500 11,385 2,145 9,237 10.71 ± 0.24 1.91 ± 0.03 3.2 10.56 ± 0.17 1.92 ± 0.02 0.005 60
-21.5 59,600 39,456 10,576 28,876 7.27 ± 0.14 2.00 ± 0.01 8.8 7.68 ± 0.08 1.94 ± 0.01 0.028 60
-21.0 47,650 83,238 30,159 53,075 5.98 ± 0.12 1.96 ± 0.02 6.1 6.46 ± 0.06 1.90 ± 0.01 0.116 60
-20.5 39,700 132,225 54,827 77,395 5.60 ± 0.12 1.90 ± 0.01 3.2 6.01 ± 0.06 1.85 ± 0.01 0.318 60
-20.0 31,900 141,733 62,862 78,868 5.54 ± 0.14 1.83 ± 0.01 3.8 6.00 ± 0.09 1.79 ± 0.01 0.656 60
-20.0 19,250∗ 30,245 12,733 17,510 5.24 ± 0.28 1.87 ± 0.03 1.2 5.53 ± 0.13 1.85 ± 0.02 0.656 60
-19.5 25,450 132,664 62,892 69,770 5.11 ± 0.17 1.81 ± 0.02 1.8 5.37 ± 0.08 1.81 ± 0.01 1.120 60
-19.5 19,250∗ 51,498 24,005 27,491 5.17 ± 0.27 1.84 ± 0.03 2.3 5.36 ± 0.13 1.85 ± 0.02 1.120 60
-19.0 19,250 77,142 39,554 37,585 4.86 ± 0.27 1.85 ± 0.03 3.2 5.23 ± 0.12 1.85 ± 0.02 1.676 60
-18.5 15,750 58,909 32,554 26,355 4.48 ± 0.33 1.86 ± 0.04 2.1 5.33 ± 0.18 1.83 ± 0.03 2.311 40
-18.0 12,500 39,027 23,159 15,868 4.10 ± 0.34 1.85 ± 0.04 1.8 4.75 ± 0.17 1.91 ± 0.04 3.030 40

Note. — All samples use 10.0 < mr < 17.6. zmin for the samples is 0.02. r0 and γ are obtained from fitting a power-law to
wp(rp) using the full error covariance matrices, while r0d and γd are obtained when using just the diagonal elements. For all
samples, the number of degrees-of-freedom (dof) is 9 (11 measured wp values minus the two fitted parameters). n̄ is measured
in units of 10−2 h3 Mpc−3. The samples indicated with an asterisk are limited to a smaller redshift range to avoid the effects
of the large supercluster (see text).

Fig. 6.— Projected correlation functions for volume-limited samples corresponding to different luminosity-bin samples (left) and
luminosity-threshold samples (right), as labeled. Error covariance matrices are computed from jackknife resampling as described in the
text. The error bars shown are the square root of the diagonal elements of these matrices. For visual clarity, only a subset of the threshold
samples are plotted.

Zehavi et al. 2011



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)
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Color-Dependent Clustering

26 Zehavi et al.

Fig. 21.— HOD model fits to the projected correlation functions of red and blue galaxy populations in three luminosity bins, as labeled.
Points with error bars are taken from Fig. 16. Solid curves in the left hand panels show wp(rp) for the best-fitting models. In the right
hand panels, dashed and dotted curves show the mean occupation functions for central and satellite galaxies in the red (thick line) and
blue (thin line) populations. In the upper panels, dot-dashed lines indicate an alternative fit (in which more parameters are varied) for the
faint red population. See text for details of the modeling procedure.

bg(> L) = 1.06 + 0.21(L/L∗)1.12. For luminosity-bin
samples, we find bg(L) = 0.97 + 0.17(L/L∗)1.04, simi-
lar to the luminosity dependence found by Norberg et al.
(2001) for bJ -selected galaxies in the 2dFGRS.
At fixed luminosity, the redshift-space correlation func-

tion of red galaxies exhibits stronger “finger-of-God”
distortions than that of blue galaxies, while the blue
galaxies exhibit stronger large-scale, coherent flow distor-
tions. The projected correlation function of red galaxies
is steeper and higher in amplitude. The cross-correlation
of red and blue galaxies is equal to the geometric mean of
the auto-correlation functions on large scales, but it falls
slightly below the geometric mean for rp ! 1 h−1 Mpc.
Adopting fine color bins, we find a continuous trend of
clustering with color: the bluest galaxies have a shal-
low, low-amplitude correlation function, the clustering

of “green valley” galaxies is intermediate between that
of blue and red galaxies, and the reddest galaxies have a
(slightly) steeper correlation function than galaxies that
trace the ridge of the red sequence. We present detailed
results for the −20 < Mr < −19 luminosity bin, but we
find similar trends in other bins where our statistics are
good enough to measure them.
The luminosity dependence of clustering for the red

and blue populations is strikingly different. For blue
galaxies, the amplitude of wp(rp) increases slowly but
steadily with luminosity over the range Mr = −18 to
Mr = −22, with nearly constant shape. For red galax-
ies, there are only weak luminosity trends over the range
−22 < Mr < −19. The −23 < Mr < −22 galaxies
have a much higher correlation amplitude and a strong
break in wp(rp) at rp ≈ 2 h−1 Mpc. Most remarkably,

Zehavi et al. 2011
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Central and Satellite Galaxies

Finding"Galaxy"Groups7

Group Boundary

Friday, November 30, 2012

Central Galaxy

Central Galaxy

Satellite Galaxy
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Central & Satellite Quenching

Galaxy Evolution Phenomenology
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A technical aside

Luminosity (L) Stellar Mass (M*)

Color  (g-r) Specific Star Formation Rate  (sSFR)

Galaxy Evolution Phenomenology



Recap

1. Bright, Large-M* galaxies cluster more strongly than faint, low-M* galaxies!

2. Red “quenched” galaxies cluster more strongly than blue “star-forming” galaxies!

3. ”Satellite” galaxies are redder and more quenched than ”central” galaxies

Galaxy Evolution Phenomenology



Part II
Modeling the Co-Evolution of  

Galaxies and Dark Matter Halos
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Galaxy & Halo Co-Evolution
Fundamental Tenet

Host Halo —>  

Central Galaxy —>

Subhalo —>  

Satellite Galaxy —>



Which galaxies live in which (sub)halos?

Host Halo —>  

Central Galaxy —>

Subhalo —>  

Satellite Galaxy —>

Galaxy & Halo Co-Evolution



How bright is the galaxy in a dark matter halo?

Goal: !
Construct a mapping: Vmax <—> Mr 

1

V
max

= GM(< R)/R

c� 0000 RAS, MNRAS 000, 000–000
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Abundance Matching Ansatz
Biggest Halos 

(Largest Vmax)

How bright is the galaxy in a dark matter halo?

Biggest Galaxies 
(Brightest Luminosity)

Galaxy & Halo Co-Evolution



How bright is the galaxy in a dark matter halo?

Abundance"Matching:"
Successful"prediction"of"galaxy"clustering7

MODELING GALAXY CLUSTERING THROUGH COSMIC TIME 7
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Fig. 5.— Left: Comparison between the SDSS projected correlation function (points) and the correlation function derived from halos
(solid lines) for various luminosity threshold samples. For comparison we include the correlation function of dark matter particles (dotted
lines) at the median redshift of the sample. Right: The first moment of the halo occupation distribution (HOD) for the four halo samples.
For all four samples, the gradual roll-off at small mass is due to scatter in the Vmax -mass relation. The fan (dotted lines) corresponds to
slopes of 0.4, 0.7, and 1.0.

the halo samples corresponding to brighter galaxy
samples reside preferentially in more massive distinct
halos. The halo sample corresponding to the brightest
galaxies (Mr − 5logh < −21) rarely has more than one
halo per distinct halo. All three halo samples display a
gradual roll-off in ⟨N(M)⟩ at low mass which is simply
due to scatter in the Vmax -mass relation, as we select
samples using Vmax , but plot as a function of mass. See
§5 for a more detailed discussion of the HOD associated
with this model.

The good agreement between the observed galaxy cor-
relation function and samples of halos with our L−Vmax
model, over a range of luminosities and scales, suggests
that the luminosity dependence of galaxy clustering is
due primarily to how galaxies form within dark matter
halos. This implies that galaxy properties vary as a func-
tion of larger scale environment only insofar as the halos
in which the galaxies reside vary.

4.2. Clustering at z ∼ 1

The DEEP2 Galaxy Redshift Survey (Davis et al.
2004) has gathered optical spectra for ∼ 50, 000 galaxies
at z ∼ 1 using the DEIMOS spectrograph on the Keck II
10-m telescope. The survey, recently completed, spans a
comoving volume of ∼ 106h−3 Mpc3, covering 3 deg2 over
four widely separated fields. We use the DEEP2 B-band
luminosity function of Willmer et al. (2005) to compute
the L−Vmax relation at z ∼ 1. A Schechter fit to the
overall luminosity function yields M∗

B − 5logh = −20.73
and φ∗ = 8.7×10−3h−3 Mpc3 with α fixed at α = −1.30.
A detailed comparison has shown that these values are
consistent with other estimates of the global luminosity
function at z ∼ 1 (Faber et al. 2005).

The projected two-point correlation function, ωp(rp),
has been measured for DEEP2 galaxies as a function of
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Fig. 6.— Projected two-point correlation function at z ∼ 1 for
DEEP2 galaxies (solid circles) and halos (solid lines), at four differ-
ent luminosity thresholds. We include jack-knife errors, computed
using the eight octants of the simulation cube, on the model pre-
diction for the brightest sample to demonstrate that they agree
within 1σ. The excellent agreement on all scales for these four
samples suggests that luminosity-dependent clustering is a result
of two effects: a simple relation between galaxy luminosities and
dark matter halos, and the spatial clustering of the halos. For com-
parison, we include the correlation function of dark matter particles
(dotted lines).

luminosity and color (Coil et al. 2004, 2005b,a). In ad-
dition, Coil et al. (2005b) has estimated the two-point
cross correlation between galaxies and groups, and be-
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Fig. 5.— Left: Comparison between the SDSS projected correlation function (points) and the correlation function derived from halos
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the halo samples corresponding to brighter galaxy
samples reside preferentially in more massive distinct
halos. The halo sample corresponding to the brightest
galaxies (Mr − 5logh < −21) rarely has more than one
halo per distinct halo. All three halo samples display a
gradual roll-off in ⟨N(M)⟩ at low mass which is simply
due to scatter in the Vmax -mass relation, as we select
samples using Vmax , but plot as a function of mass. See
§5 for a more detailed discussion of the HOD associated
with this model.

The good agreement between the observed galaxy cor-
relation function and samples of halos with our L−Vmax
model, over a range of luminosities and scales, suggests
that the luminosity dependence of galaxy clustering is
due primarily to how galaxies form within dark matter
halos. This implies that galaxy properties vary as a func-
tion of larger scale environment only insofar as the halos
in which the galaxies reside vary.

4.2. Clustering at z ∼ 1

The DEEP2 Galaxy Redshift Survey (Davis et al.
2004) has gathered optical spectra for ∼ 50, 000 galaxies
at z ∼ 1 using the DEIMOS spectrograph on the Keck II
10-m telescope. The survey, recently completed, spans a
comoving volume of ∼ 106h−3 Mpc3, covering 3 deg2 over
four widely separated fields. We use the DEEP2 B-band
luminosity function of Willmer et al. (2005) to compute
the L−Vmax relation at z ∼ 1. A Schechter fit to the
overall luminosity function yields M∗

B − 5logh = −20.73
and φ∗ = 8.7×10−3h−3 Mpc3 with α fixed at α = −1.30.
A detailed comparison has shown that these values are
consistent with other estimates of the global luminosity
function at z ∼ 1 (Faber et al. 2005).

The projected two-point correlation function, ωp(rp),
has been measured for DEEP2 galaxies as a function of
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diction for the brightest sample to demonstrate that they agree
within 1σ. The excellent agreement on all scales for these four
samples suggests that luminosity-dependent clustering is a result
of two effects: a simple relation between galaxy luminosities and
dark matter halos, and the spatial clustering of the halos. For com-
parison, we include the correlation function of dark matter particles
(dotted lines).

luminosity and color (Coil et al. 2004, 2005b,a). In ad-
dition, Coil et al. (2005b) has estimated the two-point
cross correlation between galaxies and groups, and be-
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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 slight under-prediction of abundance matching on small
scales for the log10(M∗) > 10.2 sample (top, center panel) propagates through to the color split (bottom, center panel), though
the relative clustering strength of red and blue galaxies is captured by the model at all stellar masses and over all scales.

6.3 Galaxy-Galaxy Lensing

While the 2PCF encodes rich information about the
galaxy-halo connection, measurements of galaxy-galaxy
lensing have been shown to break degeneracies between
galaxy-halo parameters that are present when model con-
straints are derived from clustering measurements alone
(e.g., More et al. 2013). To that end, in Fig. 3 we com-
pare our model prediction to new measurements of the
stellar mass- and color-dependent galaxy-galaxy lensing
signal, ∆Σ. As was the case for the 2PCF comparison, we
accurately predict ∆Σ at the abundance matching level
(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.

Our predicted mean satellite color is in good agree-
ment the data over the full host halo mass range probed
by our galaxy sample. This is also true for central galax-
ies, excepting some slight tension at the low MBCG

∗ end.
Again, we emphasize that we have not tuned any param-
eters in our model. The successful prediction for central
and satellite colors naturally emerges from the age distri-
bution matching formalism. Specifically, at fixed stellar
mass, the colors of our mock galaxies are drawn from the
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Figure 1. Galaxy color probability distribution functions (PDFs) from our mock catalog as compared to those measured in the
SDSS galaxy catalogs. The g− r color PDFs of our mock galaxies are in exact agreement with the data (black dotted histograms)
for the all galaxy sample (top left panel) and all three stellar mass threshold samples (bottom row), by construction. Our color
assignment to galaxies is blind to central/satellite designation, thus the PDFs measured from the M9.8

∗ group catalog, as seen in
the center and right panels of the top row, demonstrate the highly successful predictions of age matching.

other galaxy property beyond stellar mass. The top mid-
dle and right panels of Fig. 1 clearly demonstrate the suc-
cessful prediction of age matching for the separate color
PDFs of central and satellite galaxies. In our model, cen-
tral and satellite galaxies of the same stellar mass have
different color distributions simply because host halos and

subhalos have different MAHs.

6.2 Galaxy Clustering

In the top row of Fig. 2, black solid curves with gray
error bands (see section § 5.1 for a discussion of error
estimates) show the projected 2PCF measured from our
mock catalog for all galaxies predicated on traditional
abundance matching. The agreement with the SDSS data
points (filled black circles) illustrates that galaxies have
been properly assigned to halos as a function of stellar
mass. However, notice there is a slight under-prediction
from abundance matching on small scales for the M10.2

∗

sample.
We now turn to the bottom row of Fig. 2 to inves-

tigate the success of age matching at predicting color-
dependent clustering. Red and blue filled circles in all

panels represent the red and blue galaxy populations
from SDSS, respectively. Red and blue solid curves are
the age matching model predictions. The M9.8

∗ and M10.6
∗

predictions for the color-dependent clustering are in ex-
cellent agreement with the data at all scales. However, as
noted above, there is a slight under-prediction of abun-
dance matching on small scales (rp ! 500kpc) for the
M10.2

∗ sample and this propagates through to the color
split (bottom, center panel), though the relative color
split of the model agrees well with what is dictated by
the data.

We emphasize that our age matching model has re-
quired no parameter fitting to achieve the agreement be-
tween the predicted and measured color-dependent clus-
tering. Our algorithm for color assignment has no explicit
dependence on halo position; the clustering signal in our
mock simply emerges as a prediction of age matching. The
success of our model is compelling given the simplicity of
age matching, and the more general CAM formalism.
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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 slight under-prediction of abundance matching on small
scales for the log10(M∗) > 10.2 sample (top, center panel) propagates through to the color split (bottom, center panel), though
the relative clustering strength of red and blue galaxies is captured by the model at all stellar masses and over all scales.

6.3 Galaxy-Galaxy Lensing

While the 2PCF encodes rich information about the
galaxy-halo connection, measurements of galaxy-galaxy
lensing have been shown to break degeneracies between
galaxy-halo parameters that are present when model con-
straints are derived from clustering measurements alone
(e.g., More et al. 2013). To that end, in Fig. 3 we com-
pare our model prediction to new measurements of the
stellar mass- and color-dependent galaxy-galaxy lensing
signal, ∆Σ. As was the case for the 2PCF comparison, we
accurately predict ∆Σ at the abundance matching level
(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.

Our predicted mean satellite color is in good agree-
ment the data over the full host halo mass range probed
by our galaxy sample. This is also true for central galax-
ies, excepting some slight tension at the low MBCG

∗ end.
Again, we emphasize that we have not tuned any param-
eters in our model. The successful prediction for central
and satellite colors naturally emerges from the age distri-
bution matching formalism. Specifically, at fixed stellar
mass, the colors of our mock galaxies are drawn from the
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Figure 2. SFR-dependent clustering and galaxy-galaxy lensing as a function of stellar mass as predicted by our age matching model
versus new SDSS measurements. Top Row: The projected correlation function (multiplied by rp) predicted by our model split into
quenched and star forming mock galaxy samples shown with red and blue solid curves, respectively. Solid bands in each panel show the
error in our model prediction as described § 4.1. Red (blue) points show our measurements of quenched (star forming) SDSS galaxies
(provided in Tables 1 & 2). 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 projected separations. In Paper II we show that there is a slight under-prediction at the abundance
matching level on small scales for the log10(M∗) > 10.2 sample. This discrepancy propagates through to the SFR split (top, center
panel), however the relative SFR split of the model agrees well with what is dictated by the SDSS data. Bottom Row: ∆Σ as a
function of stellar mass and SFR. The predicted division of quenched and star forming galaxy populations from our age matching model
(red and blue solid curves solid curves) is in strong agreement with new SDSS galaxy-galaxy lensing measurements. Our SDSS ∆Σ
measurements are provided in Tables 7 & 4.

ies. In fact, central and satellite galaxies of the same stellar
mass have different SFR PDFs in age matching only be-
cause host halos and subhalos have different MAHs. There-
fore, there is no guarantee that our PDFs will be correctly
predicted when we go beyond galaxy stellar mass and con-
sider SFR. Though as can be seen in the top middle and
right panels of Fig. 1, age matching successfully predicts the
separate SFR PDFs of both centrals and satellites.

4 RESULTS

In this section, we present our main results. We first demon-
strate in § 4.1 that our age matching model reproduces our
new SDSS measurements of the projected galaxy 2PCF and
galaxy-galaxy lensing as a function of stellar mass, and di-
vided into quenched and star forming populations. We then

focus squarely on results pertinent to quenched and star
forming properties of satellite galaxies as measured from the
M9.8

∗ SDSS group catalog. Specifically, in § 4.2 we compare
our model prediction for the radial distribution of quenched
and star forming satellite galaxies within and around halos
corresponding to group, rich group and cluster regimes. We
then examine the radial dependence of the quenched frac-
tion of satellite galaxies as a function of environment.

4.1 Galaxy Clustering and Galaxy-Galaxy

Lensing

4.1.1 Clustering

We now investigate the success of age matching at predict-
ing SFR-dependent clustering. Turning to the top row of
Fig. 2, red and blue solid curves are our model predictions

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 3. The radial distribution of quenched and star forming galaxies in groups, rich groups, and clusters as measured in our galaxy
group catalog. Top Row: Age matching predictions are shown as red and blue curves, respectively versus the profiles measured in
SDSS (red and blue filled circles). Three environmental regimes are considered corresponding to groups, rich groups, and clusters, which
we define as having host halo masses of 1012.5−13.25 , 1013.25−14 , and 1014−15h−1M⊙, respectively. The radial separation on the x-axis,
rp/Rgroup, is defined as the projected separation, rp, divided by the rms group size, Rgroup. In each host halo mass regime, quenched
galaxies are more centrally concentrated then their star forming counter parts. Bottom Row: We divide the star forming population
by the quenched population to highlight differences between our model and the data. Results for the mock are shown as black solid
lines with gray error bands, and filled black circles are for SDSS.
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Figure 4. The overall quenched fraction of satellite galaxies versus projected distance as a function of group, rich group, and cluster
environments. The model prediction is striking: agreement with SDSS spans scales deep within host halos and extending out to radial
separations well beyond the virial radius for all three environments.

for the quenched and star forming galaxy samples, respec-
tively. Errors on wp are estimated by jackknifing the oc-
tants of the simulation box. Red and blue filled circles are
new measurements from SDSS (see Tables 1 & 2). Our age
matching predictions for the SFR-dependent clustering are
in excellent agreement with the data at each stellar mass
threshold sample and all projected separations. However, as
seen in the top, center panel of Fig. 2 of Paper II, there is a
slight under-prediction from abundance matching on small

scales (rp ! 500h−1kpc) for the log10(M
∗) > 10.2 threshold

sample. This discrepancy naturally propagates through to
both the quenched and star forming age matching predic-
tions (top, center panel), where the clustering amplitude on
small scales is suppressed with respect to the data. How-
ever, the relative quenched and star forming split of the
model agrees well with that of the data.
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HOD fit to Age Matching mock

The Threat of Assembly Bias
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Best-fitting HOD is Systematically Biased!

The Threat of Assembly Bias
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Systematic error on satellite quenching

The Threat of Assembly Bias
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Systematic error on Mmin

The Threat of Assembly Bias
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Model Discrimination
Galactic Conformity: 

SFR Correlations outside Rvir

Galactic Conformity 5
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Figure 2. The specific star formation rate (measured within
the SDSS fibre aperture) of neighbouring galaxies is plotted as
a function of projected distance from the central galaxies. Re-
sults are shown for central galaxies in the stellar mass range
10 < logM∗ < 10.5M⊙. In each of the four panels, the central
galaxies have been ordered by a different quantity: a) ”pseudo” HI
mass fraction (top left), b) HI deficiency parameter (top right),
c) fibre specific star formation rate (bottom left), d) total specific
star formation rate (bottom right). Red, black, green, blue and
cyan curves indicate results for central galaxies that fall into the
0-25th percentile, 25-50th percentile, 50-75th percentile, > 75th
percentile and > 90th percentile ranges of distribution of these
four quantities. Solid curves indicate the median of the SFR/M∗

distribution for neighbouring galaxies at given radius, while up-
per and lower dotted curves indicate the 25th and 75th percentiles
of the SFR/M∗ distribution. Errorbars on the median have been
computed via boot-strap resampling.

small separations and disappear at projected radii beyond
∼ 2− 3 Mpc.

In Figure 4, we investigate trends with stellar mass
in more detail by showing results in four different central
galaxy stellar mass bins spanning the range M∗ = 5×109M⊙

to 3× 1011M⊙. For simplicity, we only show the case where
the central galaxies are ordered by HI deficiency. At low
stellar masses, conformity is strongest on large scales and
applies only in the gas-poor regime. At high stellar masses,
conformity is strongest on small scales and applies only in
the gas-rich regime. The cross-over between the two regimes
occurs for central galaxies with stellar masses ∼ 3×1010M⊙.
In the 10.5 < logM∗ < 11M⊙ bin, conformity is seen both
on small scales for gas-rich central galaxies, and on large
scales for gas-poor central galaxies.

So far, we have only investigated the sensitivity of con-
formity to the indicator used to partition central galaxies
into gas-rich/strongly-star-forming and gas-poor/weakly-
star-forming systems. We concluded that conformity is
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Figure 3. As in Figure 2, except for central galaxies in the stellar
mass range 11 < logM∗ < 11.5M⊙.
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Figure 4. As in Figure 2, except results are shown for central
galaxies in four different stellar mass ranges. For simplicity, we
only show the case where central galaxies are ordered by HI defi-
ciency.

c⃝ 0000 RAS, MNRAS 000, 000–000
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Model Discrimination
Galactic Conformity: 

HOD predicts identically zero signal
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Model Discrimination
Galactic Conformity: 

Age Matching prediction
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Conclusions

1. Age Matching is a new, simple, accurate model for the 
co-evolution of galaxies and their halos!

2. Importance of post-infall physics to satellite quenching 
has likely been over-estimated!

3. New, more sophisticated galaxy-halo models are required 
to robustly constrain cosmology and galaxy evolution



Some Additional Information



Some Additional Information
Confirming Conformity 

Campbell et al., in prep



Some Additional Information
Assembly Bias is Scale-Dependent, 

even on large scales!
Host Halo−Mass Cross−Correlation Function
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