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SDSS DR7

Bimodal color distribution

Emerge since z ~ 1 

How do the young active blue galaxies 
transform to old passive red ones (quenching)?

Strateva+2001, Blanton+2006, Faber+ 2007

red sequence

blue cloud

green valley

Color-Magnitude Diagram (CMD) of Galaxies

Centrals/Satellites?
Mass of host halos?



Halo Mass

At a given halo mass, what does the Color-Magnitude
Distribution of its member galaxies look like?

Image credit:
Zheng Zheng, Fang Wang

Conditional Color-Magnitude Distribution (CCMD)



3Yang+2003, Yang+2005, Yang+2008

Conditional Color-Magnitude Distribution (CCMD)
= Conditional Luminosity Function + Color
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CCMD Parameterization

CCMD centrals:
2D Gaussian

CCMD satellites:
Schechter-like CLF + Gaussian color

CCMD parameters all as a
function of Mh
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Galaxy CMD and Clustering of SDSS Galaxies

Zehavi+2005, 2011
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Inferring CCMD parameters
from simultaneously fitting the space number densities and 2-point auto-correlation functions of 79 SDSS galaxy
samples defined in fine bins in the CMD

simulation-based, accurate and efficient method for the 2PCFs (Zheng & Guo 2016)
[equivalent to populating mocks and using the mock-based 2PCFs as model prediction, but much more efficient]



7Xu+, MNRAS 2018, arXiv:1801.07272

CCMD modeling results
CCMD: Colour-Magnitude-Halo Mass 9

Figure 2. Comparison of galaxy abundances in the CMD between observation and best-fitting model prediction. The left panel shows the measured

galaxy number density distribution calculated in fine bins of galaxy colour and magnitude, for bins with pg ! 10−3.0h3Mpc−3/mag2, where pg ≡

d2ng/dMr/d(g − r) is the number density of galaxies per magnitude per colour. The middle panel shows the corresponding distribution from the best-fitting

CCMD model. In the right panel, the colour scale shows the fractional difference in galaxy number density distribution between model and observation,

(pg,model − pg,data)/pg,data, while the magenta and black contours are the observed and model distribution of galaxy abundance.

puted from the best-fitting model by accounting for the contribu-

tions from haloes of all masses. The model also gives the contri-

butions from central/satellite galaxies of different pseudo-colour

populations (dashed and dotted curves; which will be discussed

in § 4.2). The open squares are the data points from observation,

while the solid triangle points are from the model with the finite

colour bin size effect taken into account. At low luminosity, the

colour distribution profile appears to be double-peak, with a broad

blue peak and a narrow red peak. For the two lowest luminos-

ity bins, the model tends to underestimate the fraction of galax-

ies near the blue peak and overestimate that redder than the red

peak. As the luminosity increases, the broad blue peak gradually

merger with the red one. For luminous bins, the model reproduces

the colour distribution remarkably well, including the overall shape

and the tail distribution. In each panel, the vertical line marks the

luminosity-dependent colour cut adopted in Zehavi et al. (2011) to

divide galaxies into blue and red populations in observation.

With the colour and luminosity distributions well reproduced

by the best-fitting model, we turn to galaxy clustering. In Fig. 5,

the comparison is done between the observed and model projected

2PCFs at each luminosity bin as a function of galaxy colour (differ-

ent points and curves in each panel). In each panel, the value of χ2

from comparing the model with the data for all the samples in the

corresponding magnitude bin is shown, together with the number

of data points (denoted as “Nwp”). Although this does not repre-

sent the exact goodness of fit for wp in each panel (as it neglects

the number of parameters), the values can give a sense on how well

the model works in each luminosity bin.

As a whole, the model fits the 2PCFs well for galaxy samples

covering a range of ∼40 in luminosity (or 4 mag in magnitude) and

across the full colour range (about 1.2 mag). Noticeably, the fit ap-

pears to be poor for samples with the lowest luminosity (−18.25 <
Mr < −18.00; the bottom-left panel), which has χ2 = 64 for 36

data points. A close inspection reveals that for the blue sample the

model predicts an amplitude too high compared to the data points

on scales above ∼3h−1Mpc. We note that the samples with the

lowest luminosity suffer the most from the small survey volume

and thus the sample variance effect (e.g. Zehavi et al. 2005a, 2011;

Xu et al. 2016). The other trend we notice is that for the bluest

galaxy samples with high luminosity (more luminous than ∼ L∗

or -20.44 mag) the model tends to under-predict the clustering am-

plitude on scales smaller than ∼0.5h−1Mpc. Although given the

large measurement uncertainties the trend appears to be weak, it

systematically shows up in almost all the high luminosity bins. The

model curve is flattened towards small scales, while the data seem

to have an inflection and have a steep increase. This indicates that

there may be too few one-halo galaxy pairs in the model. Further

investigations are needed to study the clustering of the luminous

blue galaxies to tell whether the trend is real and to discuss its im-

plications.

Since offsets are added in the projected 2PCFs in Fig. 5, the

luminosity and colour dependence in the 2PCF amplitude is not re-

vealed. To show the trend, we compute projected 2PCF amplitudes

averaged over rp ranges of 0.1–1h−1Mpc and 2.51–10h−1Mpc,

respectively, and plot their dependence on luminosity and (me-

dian) colour of galaxy samples in Fig. 6. In detail, we compute

the arithmetic mean of N values of wp, 〈wp〉 =
∑N

i=1 wp,i/N ,

and derive the error bars from the variance in the mean, σ2 =
∑N

i,j=1 Cij/N
2, where Cij is the covariance matrix of wp. The

small-scale and large-scale averages represent the mean clustering

amplitudes in the one-halo and two-halo regime.

At fixed colour, the points across different panels show the lu-

minosity dependence, while in each panel the colour dependence

at fixed luminosity is shown. We see that the clustering ampli-

tude at both small and large scales has a stronger dependence on

colour than luminosity. At fixed luminosity, the small-scale clus-

MNRAS 000, 000–000 (0000)
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• External two collections of central galaxies: LIN & EXT  *thanks to Yen-Ting Lin and Kevin 
S. McCarthy for supplying their collections of central galaxies

• Halo mass calibrated by weak-lensing measurements
• Divided into star-forming/quenched by sSFR and SFH

Direct CCMD features from observations
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TNG100

Illustris

Q.Guo+2011 SAM 

Xiaoju Xu+2022
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• Lcen-Mh relation : 
• satellite dynamics (More+2011)
• CLF (Cacciato+2009)
• galaxy-galaxy weak lensing (Mandelbaum+2006)

Galaxy-halo connections (CCMD VS. previous work)

• CLF from group catalogues 
• Lines: CCMD; 

Symbols: SDSS DR7 group catalogues (Yang+2008)



12Campbell+2015, see also Reddick+2013, Sinha+2017, Calderon+2018

pmembership allocation errors
pcentral/satellite designation errors
phalo mass estimation errors

Not a apples-to-apples comparison
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Assess CCMD by group finders

CCMD mocks:
galaxy color- magnitude-halo mass relation known

SDSS:
galaxy color- magnitude-halo mass relation unknown

Group
finder

SDSS group catalog:

1. conditional luminosity function
2. conditional color function
3. conditional color-magnitude distribution

CCMD group catalog:

1. conditional luminosity function
2. conditional color function
3. conditional color-magnitude distribution



14Xu+2023, to be submitted

Ø Conditional Luminosity Function 
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Ø Conditional Color Function 

Ø Conditional Color 
Magnitude Distribution 
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Tinker2020 Group finder

Tinker2020, 2021

Ø Conditional Luminosity Function 
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Ø Conditional Color Function (Tinker2020 Group Finder) 

Ø Conditional Color Magnitude Distribution (Tinker2020 Group Finder) 
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ØHost halo mass (color, luminosity, and cen/sat)

CCMD derived quantities

20 H. Xu et al.

Figure 15. Dependence of median host halo mass on galaxy colour and luminosity from the best-fitting CCMD model. In each panel, colour-coded is the

median halo mass Mh,med for galaxy samples defined in fine colour and magnitude bins. From left to right, the panels show the median host halo mass

distribution for all galaxies, central galaxies, and satellite galaxies, respectively. Contours of galaxy number density are overlaid in each panel to show the

bimodality in the overall galaxy population.

Figure 16. Dependence of satellite fraction on galaxy colour and luminos-

ity from the best-fitting CCMD model. Colour-coded is the satellite fraction

fsat for galaxy samples defined in fine colour and magnitude bins. Contours

of galaxy number density are overlaid to show the bimodality in the overall

galaxy population.

haloes hosting blue central galaxies (Lin et al. 2016 and discussions

below).

As the CCMD can be readily inferred with a group catalogue,

it is interesting to compare our CCMD modelling results with those

from a group catalogue. In particular, this potentially allows the

comparison of the full distribution of galaxy luminosity and colour.

For such a purpose, we make use of the group catalogue4 based

on the SDSS DR7 data and constructed in the same way as in

Yang et al. (2008), who used the DR4 galaxy sample. For groups in

a given halo mass bin, the CLF is computed, separating into contri-

butions from central and satellite galaxies. To account for the effect

of flux limit for galaxies and the completeness of groups, at each lu-

minosity bin, the average number of galaxies per halo is computed

with groups in the volume where both galaxies down to that lumi-

nosity and groups in the given halo mass bin are complete. Fig. 21

shows the CLFs from the group catalogue in three halo mass bins,

in comparison with those from our best-fitting CCMD model.

For the central galaxies, the CLF from the group catalogue

shows a clear double-peak profile, similar to the superposition of

two Gaussian profiles (in magnitude). This is exactly in line with

the CCMD model, where the central galaxies are composed of the

pseudo-blue and pseudo-red populations, each with a Gaussian dis-

tribution. In the group-based central CLF, the component with the

blue peak has a much narrower distribution than the one with the

red peak, meaning that the blue component has a tighter correlation

between central galaxy luminosity and halo mass. This is again

consistent with the constraints from the CCMD model. However,

quantitatively there are clear differences between the group-based

CLF (open circles) and the CCMD modelling result (solid curves).

The group-based central CLF is more concentrated in luminosity,

the peak positions shift with respect to the CCMD model, and the

relative contribution of the two components may not agree perfectly

with the CCMD model.

The differences can be largely explained by the way halo

masses are assigned to the groups. In the group catalogue we use,

4 http://gax.sjtu.edu.cn/data/Group.html

MNRAS 000, 000–000 (0000)

Ø Satellite fraction (color and luminosity)



What’s Next?
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CCMD-based Galaxy Mocks

l The mocks have realistic galaxy magnitude and color that reproduce the abundance,
luminosity/color-dependent clustering, and CLF/CCF/CCMD of SDSS main
galaxies sample.

l Based on the MDPL2 N-body simulation, z ~ 0, boxsize = 1 Gpc/h , 
Rockstar halos

l Mr < -18, ~ 29 million galaxies
Positions, velocities, colors, magnitudes, cen/sat, haloID etc

l Halo catalogs, ~ 32 million halos, Mh > 1011 Msun/h

20



The CCMD mocks and halo catalogs are public available at
https://www.astro.utah.edu/~zhengzheng/data.html
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Scan the QR code
to access the website
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luminosity

https://www.astro.utah.edu/~zhengzheng/data.html


The CCMD mocks and halo catalogs are public available at
https://www.astro.utah.edu/~zhengzheng/data.html
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Scan the QR code
to access the website

https://www.astro.utah.edu/~zhengzheng/data.html


Summary:
p The CCMD model describes the galaxy luminosity and color as a function of halo mass. (conceptually = CLF + color) 

p The CCMD parameters are inferred from simultaneously fitting abundance and clustering of ~80 SDSS galaxy 
samples defined by fine bins in the CMD.

p The color bimodality is driven by centrals at bright ends, and by the blue centrals and red satellites at faint ends.

p The CCMD predicts two distinct and orthogonal components for centrals in the CMD, which are also revealed in two
external central galaxy catalogs.

p The satellites fraction is more sensitive to the color than luminosity.

p The comparison between SDSS and CCMD groups suggests that the CCMD mocks well represent the reality in terms
of galaxy color and luminosity.
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Back-up slides
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Lgrp Lgrp=


