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Galaxy—Halo Modeling 
of Large-Scale Structure

Theory overview, lessons from 
previous successes,
and guidelines for a future of 
forward-modeling diverse 
datasets



Galaxy Formation Theory
“Fundamental” theory has been complete for decades
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Coarse Grained Models
“Fundamental” theory is hopeless

Hydro sims, SAMs, empirical models 
are coarse-grained models of the fundamental theory



Mapping Simulated to Real Quantities
An extremely high-dimensional problem

High-dimensional space of possible functions
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Simulated density field Galaxy distribution



Simplifying the Problem
Dark Matter Halos:

Fundamental building blocks of large-scale structure

e.g. White & Rees 78



Host halo

Subhalo

Subhalo

Subhalo

Host halo boundary 
(aka “virial radius”)

Dark Matter Halos
Host halos and subhalos



Three complementary approaches
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Basic Approach: Determine map from (sub)halos —> galaxies

Mapping Simulated to Real Quantities



Host halo

Subhalo

Subhalo

Subhalo

Building a Galaxy—Halo Model
Simple abundance matching ansatz

Satellite galaxy Satellite galaxy

Central galaxy

Satellite galaxy



Building a Galaxy—Halo Model
Simple abundance matching ansatz

Bigger (sub)halos Bigger galaxies

Smaller galaxiesSmaller (sub)halos



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

SDSS"(z~0.1)7 DEEP2"(z~1)7

Conroy"et"al."20067

Simple Abundance Matching
Quantitative level of success is (should be) startling!



Simple Abundance Matching
Large-scale structure success is diverse

The Dark Side of Galaxy Color 9
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Figure 3. ∆Σ as a function of stellar mass and color. As was shown for the projected clustering in Fig. 2, the top row is the
abundance matching result for all galaxies and the bottom row shows the predicted color split from our age matching model (red
and blue solid curves) as compared to new SDSS galaxy-galaxy lensing measurements. Derived errors for the data and the model
are described in § 2.4 & § 5.2, respectively.
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Figure 4. Mean g-r color as a function of stellar mass of the brightest central galaxy, MBCG
∗ , for SDSS galaxies (black filled

circles) and the prediction from our mock catalog (dashed curves). Solid gray bands indicate Poisson error estimations. Results
for central galaxies are shown in the left panel and satellite galaxies in the right.

c⃝ 0000 RAS, MNRAS 000, 000–000

0.2 1 2 Rp [Mpc/h] 0.2 1 2

8 Hearin et al.

   
 

10

100

w
p(r

p) 
× 

r p
  [

M
pc

2 ]

log10(M*) > 9.8

   
 

 

 

log10(M*) > 10.2

ALL GALAXIES

   
 

 

log10(M*) > 10.6

0.1 1.0 10.0
rp  [Mpc]

10

100

w
p(r

p) 
× 

r p
  [

M
pc

2 ]

log10(M*) > 9.8

 1.0 10.0
rp  [Mpc]

 

  

log10(M*) > 10.2

BLUE
RED

 1.0 10.0
rp  [Mpc]

 

 

log10(M*) > 10.6

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

c⃝ 0000 RAS, MNRAS 000, 000–000
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Simple Abundance Matching
Formulation details significantly impact level of success

Which subhalo property?

Reddick+12

How far down the mass function?

Garrison-Kimmel+13

Resolution requirements?

Guo & White 2013



What do we learn from abundance matching?
Whenever you get so much for so little, nature is telling you

 your assumptions must be reasonably correct

Basic lesson: 
Depth of the gravitational potential well 
is the coarse-grained halo property with
the dominant influence on galaxy mass



Model parameters have universal translation
Provides boundary conditions for more fine-grained models

Brightest Cluster Galaxies in Cosmological Simulations 5
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Figure 2. Left: Results from our simulations versus the halo mass vs. stellar mass relation at redshift z = 0 from Hansen et al. (2009)
(blue line, with its 1σ scatter), Moster et al. (2013) (green line), Behroozi et al. (2013) (red line, with its 1σ scatter). Our AGN-ON
simulations are represented by the red triangles, whereas the AGN-OFF simulations are represented by black squares. The BCG stellar
mass definition assumes a surface brightness limit µV = 25 mag/arcsec−2. Right: Halo mass vs. stellar mass relation at redshift z = 0
from Kravtsov et al. (2014) (cyan line) versus our simulations. Our AGN-ON simulations are represented by the red triangles, whereas
the AGN-OFF simulations are represented by black squares. The stellar mass on the y axis is the total stellar mass associated to the
BCG+ICL component.
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Martizzi+14

What do we learn from abundance matching?



Matthee+16

Model parameters have universal translation
Provides boundary conditions for more fine-grained models

What do we learn from abundance matching?



Halo Occupation Distribution
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HOD functional forms physically motivated by 
hydro sims, SAMs, and subhalo occupations

Halo Occupation Distribution

Berlind et al. (2003) Kravtsov et al. (2004)



Halo Occupation Distribution

M3

M2

M1

Occupation statistics ==> galaxy clustering



Successful fits to galaxy clustering, 
including dependence on Mr  brightness

Halo Occupation Distribution

Zehavi+11



Successful fits to galaxy clustering and lensing, 
including dependence on g-r color

Halo Occupation Distribution

Zehavi+11 Zu & Mandelbaum (2016)



Successful fits to galaxy clustering, 
including dependence on redshift

Halo Occupation Distribution

Skibba, Coil et al. (2015)

PRIMUSCOSMOS

Leauthaud, Tinker et al. (2011)



Cosmological parameter estimation

Halo Occupation Distribution

Tinker+11 Reid+14

Cacciato+12

Cosmological Constraints from Clustering and Lensing 11

Figure 4. Cosmological constraints for the Fiducial model. Histograms show the marginalized posterior distributions, while the blue
contour show the 68% and 95% CLs of the joint, two-dimensional marginalized posterior distributions. For comparison, the corresponding
CLs from WMAP7 are shown as green contours, while the red, solid curves show the marginalized WMAP7 prior distributions used for
the secondary cosmological parameters, ns, h and Ωb h2.

σ8 inherent in our analysis runs perpendicular to that in-
herent in the CMB data. This indicates that a combined
analysis will be able to significantly tighten the constraints
on Ωm and σ8 (see also Paper II). Finally, Fig. 3 suggests
that our constraints are even tighter than those from the
WMAP7 analysis. However, we emphasize that this is not a
fair comparison since we have used priors from WMAP7 on
the secondary cosmological parameters ns, h and Ωb h

2, but
not on Ωm or σ8 (see Paper II for the case with no priors on
ns, h and Ωb h

2).

Fig. 4 shows the one-dimensional (histograms) and joint

two-dimensional (contour plots) marginalized posterior dis-
tributions on all five cosmological parameters. Solid con-
tours indicate the 68% and 95% CLs obtained from the
analysis presented here, while the dotted contours are the
68% and 95% CLs from the WMAP7 analysis, shown for
comparison. The strongest parameter degeneracies are be-
tween Ωm and σ8 (cross-correlation coefficient r = −0.81),
between Ωb h

2 and ns (r = 0.79), and between Ωm and h
(r = −0.74). All other combinations are only weakly corre-
lated with |r| < 0.5.

Overall, there is good agreement between our con-

c⃝ 2008 RAS, MNRAS 000, 1–21



Whenever you get so much for so little, nature is telling you
 your assumptions must be reasonably correct

What do we learn from the HOD?

Basic lesson: 
Depth of the gravitational potential well 

has the dominant influence on galaxy mass and color/SFR



Quantitative constraints on the strength of 
assembly bias with the Decorated HOD

Halo Occupation Distribution

Zentner+16Hearin+15
(see Halotools for python implementation)



Central assembly bias well-constrained away from zero

Halo Occupation Distribution

Zentner+16

Central galaxy 
assembly bias strength
parameter constraints

Mr < -20

See also Vakili & Hahn 2016

Zero assembly bias



Open-source python library for galaxy—halo modeling 
of large-scale structure

Halotools

halotools.readthedocs.io

http://halotools.readthedocs.io


Construction of the Halo--SFR map
Formulation has direct mathematical analogy to simple abundance matching

Simple Age Matching

high-mass 
halos

high-mass 
galaxies

low-mass 
halos

low-mass 
galaxies

Ingredient 1: 
Halo mass 

regulates available SFR



Simple Age Matching

Hearin & Watson 2013

old, slow-accreting,
early-forming 

halos

young, fast-accreting,
actively-forming 

halos

Mhalo MhaloMhalo

Construction of the Halo--SFR map
Ingredient 2: 

Galaxy SFR ∝ Halo “age”  
at fixed halo mass



Simple Age Matching

Hearin et al. 2014

Many different successful predictions
with few parameters and two simple ingredients

galaxy clustering & lensing

RSD multipoles
Central & satellite color vs. group mass

satellite quenching profiles

Watson et al. 2015

Yamamoto et al. 2016



Formulation details significantly impact level of success

Red/blue SHMR

Campbell+17, in prep

Galactic Conformity

Tinker+17

Simple Age Matching
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Basic lesson:
Depth of gravitational potential well 

has the dominant influence on galaxies

Basic lesson:
Galaxy—halo co-evolution

Halo assembly has important additional influence
Dramatic modeling simplifications from exploiting this!

Time

Galaxies

Halos

What do we learn from age matching?
Whenever you get so much for so little, nature is telling you

 your assumptions must be reasonably correct



SHAM/HOD Foundation: A severe problem

Mhalo
Ngal (HOD)
M* (SHAM)

Conventional empirical models construct maps 
for the integrated galaxy quantity (Mr or M*)

Fundamental & irreducible technical problem
How to compute cross-correlations between different tracers?

Need to know which particular galaxies are in which particular halos

Catastrophic parameter proliferation
Only gets worse as more data is added

But cross-correlations of multiple datasets are the future of large-scale structure!

(+ conc, λ, etc.)

Conventional models are doomed to a future of single datasets

No justification for common assumption:
⟨NredNblue|M⟩ = ⟨Nred|M⟩ ⟨Nblue|M⟩



A Proposed Remedy

SFR  integration + mergers determines final stellar mass

H
ig

h-
z 

pr
og

en
ito

rs Present-day 
galaxy/halo

P(SFR | halo, z) P(SFR | halo, z)

Alternative direction: parameterize the differential quantity (SFR) instead
Now can use far more available data, forward-modeling survey selection functions



New generation of forward models already moving in this direction

A Proposed Remedy

The Connection between Galaxy Growth and Dark Matter Halo Assembly from z = 0�10 29
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Figure D1. Top panel: test that the parametrization for fQ(vMpeak,z) in Eqs.
11–14 (lines) is flexible enough to match the observed data (points) in Ap-
pendix C4 (see Appendix D1). Bottom panel: test that the parametrization
for SFRSF in Eqs. 5–10 (lines) is flexible enough to match constraints from
Behroozi et al. (2013e) (points), as discussed in Appendix D2.

APPENDIX D: VERIFYING FUNCTIONAL FORMS

D1 Quenched Fraction

The quenched fraction as a function of M⇤ is measurable directly
(Appendix C4), but the quenched fraction as a function of vMpeak is
not. Yet, assuming that the scatter in M⇤ at fixed vMpeak is not too
correlated with SFR, the two are related by a convolution:

fQ(M⇤) =
Z •

0
fQ(vMpeak)P(M⇤|vMpeak)dvMpeak (D1)

where P(M⇤|vMpeak) is the probability distribution of M⇤ as a func-
tion of vMpeak. Given that the quenched fraction is bounded be-
tween 0 and 1 and that it increases with stellar mass (and therefore
increases with vMpeak), it is natural to try a sigmoid function for
fQ(vMpeak), as in Eq. 11.7

We test the parametrization for fQ(vMpeak,z) in Eqs. 11-14 via
forward-modeling through Eq. D1 and comparing to the observed
fQ(M⇤,z) (Fig. D1, upper panel). Briefly, we obtain P(M⇤|vMpeak)
at the median redshift of each stellar mass bin in Moustakas et al.
(2013) and Muzzin et al. (2013) via abundance matching the cor-
responding SMFs to halos rank-ordered by vMpeak, with 0.2 dex

7 There may be an increase in the quenched fraction toward extremely low
stellar masses (Wetzel et al. 2015); however, these are well below the halo
mass resolution limit of the simulations we use.
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Figure E1. Strong scaling performance of the UNIVERSEMACHINE code
on Edison. Near-linear speedup with the number of processors is achieved.

scatter (matching Reddick et al. 2013). Any choice of parame-
ters in Eqs. 13-14 fully specifies fQ(vMpeak,z), from which Eq. D1
predicts the observed fQ(M⇤). Using the standard likelihood func-
tion (exp(�0.5c

2)) and the EMCEE algorithm to explore parameter
space, we find that Eqs. 11–14 are flexible enough to provide a rea-
sonable fit to the observed data.

D2 Star-formation Rates for Star-forming Galaxies

The constraints on hSFR(Mpeak,z)i in Behroozi et al. (2013e) guide
our functional form for SFRSF(vMpeak,z). The median vMpeak as a
function of halo mass and redshift in Bolshoi-Planck is

vMpeak(Mh,a) = 200kms�1


Mh

M200kms(a)

�3
(D2)

M200kms(a) =
1.64⇥1012 M�� a

0.378
��0.142

+
� a

0.378
��1.79 (D3)

Then, hSFRi and SFRSF are related as

SFRSF(vMpeak,z)⇡C
s

hSFR(Mpeak(vMpeak,a),z)i
1� fQ(vMpeak,z)

(D4)

where C
s

is a constant depending on the scatter in SFR at fixed
vMpeak; the equation is not exact due to very modest scatter in
vMpeak at fixed Mpeak. For fQ, we use the best fit from Appendix
D1; the resulting estimate of SFRSF is shown as filled circles in
Fig. D1, bottom panel. As in Appendix D1, we use the EMCEE al-
gorithm to explore parameter space, finding again that Eqs. 5–10
are flexible enough to provide a reasonable fit to the constraints
in Behroozi et al. (2013e). Notably, simpler parameterizations (in-
cluding double power-laws) would not be sufficient, due to an ex-
tra bump in efficiency near the transition between low-vMpeak and
high-vMpeak power laws.

APPENDIX E: CODE IMPLEMENTATION,
PARALLELIZATION, AND SCALING

The EMCEE MCMC algorithm (Foreman-Mackey et al. 2013) is
naturally parallelizable; we use a custom implementation in C. In
this algorithm, multiple walkers (100–1000) simultaneously tra-
verse parameter space, leapfrogging over each other to select new
points to explore. No communication is required between walkers,
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Assembly Bias Consequences

Zentner+13

Are interesting conclusions about galaxies 
threatened by potentially incorrect HOD assumptions?

Yes, they most certainly are!
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Upshot: 
Rich information can be extracted about galaxy evolution 

using HOD fits to e.g., COSMOS data

Color Dependent HODs

Tinker, Leauthaud, et al 2013

Downside: 
Parameter proliferation rapidly becomes unmanagable

COSMOS fits required 27 x 3 = 81 parameters for binary red/blue designation alone

Re
d 

se
qu

en
ce

 m
ig

ra
tio

n 
ra

te


