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What is assembly bias?
• Before we talk about galaxies, we first have to talk about 

halos.


• All galaxies live in halos. 


• The most basic property of galaxies and halos is their 
mass. Total mass (mostly dark) for the halos, and stellar 
mass for the galaxies.


• Much attention has been put toward the relationship 
between these two properties.
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Figure 2
The galaxy stellar-to-halo mass ratio of central galaxies at z = 0. The figure (based on data compiled by
Behroozi et al. 2018) shows constraints from a number of different methods: direct abundance matching
(Behroozi et al. 2010, 2013a; Reddick et al. 2013); parameterized abundance matching, in which this
relationship is parameterized and then those parameters are fit with the stellar mass function and possibly
other observables (Guo et al. 2010; Moster et al. 2013, 2017; Wang & Jing 2010); modeling the halo
occupation distribution (Zheng et al. 2007) or the conditional luminosity function (Yang et al. 2009, 2012)
and constraining it with two-point clustering; direct measurement of the central galaxies in galaxy groups
and clusters (Lin et al. 2004, Hansen et al. 2009, Yang et al. 2009, Kravtsov et al. 2018); and the “Universe
Machine,” an empirical model that traces galaxies through their histories (Behroozi et al. 2018). Bottom
panel shows example galaxies that are hosted by halos in the specified mass range. Across the top of the
figure, we indicate key physical processes that may be responsible for ejecting or heating gas or suppressing
star formation at those mass scales.

Halo occupation
distribution (HOD):
specifies the
probability
distribution for the
number of galaxies in a
halo, generally
conditioned on its
mass, P (N|M)

M∗—as done observationally—does not yield the same mean relation. We discuss this in detail in
Section 4.3.

2.2.3. The halo occupation distribution and conditional luminosity function. A popular way
to describe the relationship between galaxies and dark matter halos is through the halo occupation
distribution (HOD), which specifies the probability distribution for the number of galaxies meeting
some criteria (for example, a luminosity or stellar mass threshold) in a halo, generally conditioned
on its mass, P (N|M). Typically this PDF is quantified separately for the central galaxies of halos
and the satellite galaxies that orbit within the halos. For the former, a Bernoulli distribution is
assumed, whereas for satellites a Poisson distribution is assumed. Under these assumptions the
standard HOD is thus fully characterized by its mean occupation number ⟨N|M⟩; we discuss this
assumption in Section 4.6. In principle, the HOD can be a function of properties other than halo
mass; we discuss this possibility in Section 4.
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M∗—as done observationally—does not yield the same mean relation. We discuss this in detail in
Section 4.3.

2.2.3. The halo occupation distribution and conditional luminosity function. A popular way
to describe the relationship between galaxies and dark matter halos is through the halo occupation
distribution (HOD), which specifies the probability distribution for the number of galaxies meeting
some criteria (for example, a luminosity or stellar mass threshold) in a halo, generally conditioned
on its mass, P (N|M). Typically this PDF is quantified separately for the central galaxies of halos
and the satellite galaxies that orbit within the halos. For the former, a Bernoulli distribution is
assumed, whereas for satellites a Poisson distribution is assumed. Under these assumptions the
standard HOD is thus fully characterized by its mean occupation number ⟨N|M⟩; we discuss this
assumption in Section 4.6. In principle, the HOD can be a function of properties other than halo
mass; we discuss this possibility in Section 4.
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FIG. 2.— Projected correlation function data and HOD fits for theMr < −21 sample (panels [a] and [c], respectively) and theMr < −22 sample (panels [b] and
[d], respectively). In the top panels, points with error bars are the SDSS data of Z05, while the gray region represents the range in HOD fits with∆χ2wp < 1 with
respect to the best-fit HOD model. Bottom panels plot the mean occupation functions ⟨N⟩M for 20 randomly chosen HOD fits with∆χ2wp < 1.

restricted redshift sample.

2.2. HOD Modeling
We constrain the occupation function by fitting the ob-

served wp(rp) and n̄g for each sample with the analytic model
for wp(rp) described in Tinker et al. (2005) (see also Zheng
2004; Zehavi et al. 2004). The mean occupation function is
divided into two terms; central galaxies located at the center
of mass of the halo, and satellite galaxies distributed through-
out the halo. For SDSS samples defined by a luminosity
threshold, the central occupation function takes the form

⟨Ncen⟩M =
1
2

[

1+ erf
(

logM − logMmin

σlogM

)]

, (3)

whereMmin is a cutoff mass scale and all logarithms are base-
10. Formally, in equation (3) Mmin is the mass at which
⟨Ncen⟩M = 0.5. The parameter σlogM describes the shape of the
central galaxy cutoff. Physically, this parameter represents
the scatter between halo mass and central galaxy luminosity;
if this scatter is large then a fraction of low-mass halos will be
included in the sample and the shape of the cutoff will be soft.

If this scatter is small then central galaxies follow a nearly
one-to-one mapping of mass to luminosity, and ⟨Ncen⟩M re-
sembles a step function.
The satellite galaxy occupation function is modeled as a

truncated power law,

⟨Nsat⟩M =
(

M −Mcut

Msat

)αsat

, (4)

where Mcut is a cutoff mass scale for satellites, Msat is the
amplitude of the power law, and αsat is its slope. In equa-
tion (4) the mass at which halos host on average one satel-
lite is M1 = Mcut +Msat. The total occupation function is
⟨N⟩M = ⟨Ncen⟩M + ⟨Nsat⟩M . As expressed in equations (3) and
(4) the occupation function has five free parameters. In prac-
tice, the number of free parameters is reduced to four because
Mmin is set by n̄g once the other parameters have been cho-
sen. One can accurately fit wp(rp) with only a three-parameter
occupation function (e.g., Zehavi et al. 2004, 2005), but we
allow ⟨N⟩M extra freedom to explore how variations in the
shape of ⟨N⟩M alter the predicted void statistics. In Paper I
we demonstrated that the void statistics are relatively insensi-

Halo Occupation Function:

Average number of galaxies per halo 

above some threshold.

Central

Satellites









Halo Assembly Bias

• Signal at low masses: formation time, concentration.


• Signal at high masses: spin, amount of substructure.

Figure 6: Halo assembly bias, manifesting in concentration, halo formation time, and halo

angular momentum. Left Panel: The gray scale shows the distribution of dark matter in a

90x90x30 Mpc slice of a cosmological simulation at z = 0. The open red circles indicate the

5% of halos at logMh = 10.8 with the highest concentration. Middle Panel: The same slice

is shown once again, but here the green circles show the locations of the 5% of halos with

the lowest concentration from the same halo mass range. Right Panel: The dependence of

halo bias on secondary parameters. Bias here refers to clustering amplitude relative to dark

matter, as defined in §3.2. The solid black curve shows the overall bias of dark matter halos

as a function of halo mass at z = 0. The red and blue points show the clustering for the

25% of halos with the highest formation redshift and lowest formation redshift, respectively.

Data are taken from Li, Mo & Gao (2008). The orange and green points show the clustering

for the 20% of halos with the highest and lowest angular momentum, respectively. Data

are taken from Bett et al. (2007).

random field (Dalal et al. (2008)).

Although its existence for dark matter halos is now well established, there are many

open questions about the assembly bias signal for various halo properties and whether or

to what extent this e↵ect propagates into the clustering of galaxies. We summarize some

of these properties in the sidebar titled What Halo Properties Show Secondary Bias?, but

note that in general, the secondary bias of various halo properties can be complex, and can

have di↵erent mass and redshift dependence (Salcedo et al. 2018). Furthermore, Mao, Zent-

ner & Wechsler (2018) have shown that even properties that are highly correlated do not

necessarily have the same clustering signal. This may make first principles predictions for

the expected galaxy assembly bias challenging, but it also indicates that precision measure-

ments of galaxy clustering may provide insights into complex details of structure formation

and the dependence of galaxy properties on halo properties.

Halo concentration:
Halo concentration
is defined as
c ⌘ Rhalo/rs, where
rs is the scale at
which the
logarithmic slope of
the internal density
profile is �2.

4.4.2. Theoretical models of galaxy assembly bias. In the abundance matching paradigm,

the relation between galaxies and halos is set by the halo property that is used to match

to the given galaxy property. However, there is no a priori reason to limit the model to a

single halo property. In the literature, there have been multiple models for multi-parameter

galaxy–halo connections. Here we list two that vary the galaxy clustering properties for

luminosity or mass selected galaxy samples; models that include assembly bias for secondary

properties like color or star formation rate are discussed in §4.7.

Composite abundance matching: In this model, the abundance matching parameter

is a combination of two or more halo properties. In the model by Lehmann et al. (2017),

22 Wechsler & Tinker

Halo Assembly Bias or Secondary Bias: At fixed halo mass, the clustering of 
dark matter halos depends on secondary halo properties (which are generally 
correlated with the assembly history of the dark matter halo).

Old halos Young halos

Wechsler & Tinker, 2018 ARAA
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Evolution of density 
peaks plus 

parameterized star 
formation rates

Evolution of density 
peaks plus recipes 

for gas cooling, star 
formation, feedback

Simulate halos
and gas; star 

formation and 
feedback recipes

Figure 1
Modeling approaches to the galaxy–halo connection. Top panel shows the dark matter distribution in a
90 × 90 × 30 Mpc h−1 slice of a cosmological simulation (left) compared with the galaxy distribution using
an abundance matching model (right), tuned to match galaxy clustering properties of an observed sample.
The grid highlights the key assumptions of various models for the galaxy–halo connection. The models are
listed on a continuum from left to right ranging from more physical and predictive (making more
assumptions from direct simulation or physical prescriptions) to more empirical (more flexible
parameterizations, constrained directly from data).

otherwise specified, we use the definition given by Bryan & Norman (1998), which character-
izes the overdensity predicted for a virialized region that has undergone spherical collapse.

Within the radius of a dark matter halo there may be multiple, distinct peaks in the density field
with virialized clumps of dark matter gravitationally bound to them. These subhalos are smaller
than the host halo, and they orbit within the gravitational potential of the host halo. Resolving
and tracking such objects is critical for making proper comparisons to the observed distribution
of galaxies.

We note that the definition of halo radius given above, though common in the literature, may
not be the most physically motivated definition of the boundary of a dark matter halo. Trevisan et al.
(2017) have found, in both simulations and data, that halo density profiles appear to extend far past
Rvir. Diemer et al. (2013) have emphasized that the commonly used definitions of halo boundaries
can lead to unphysical interpretations about halo mass accretion histories. For example, measuring
halo growth using Mvir will lead one to infer significant halo growth, which is due just to the halo
boundary being defined to larger radii with time, which they term pseudoevolution. Recently
several authors have suggested an alternative concept, the splashback radius, which specifies the
radius at which matter that is bound to the halo can orbit to after first collapse (Diemer & Kravtsov

440 Wechsler · Tinker
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Do halo properties other than mass enter here?
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Galaxy Assembly Bias: At fixed halo mass, the properties of a galaxy—or 
number of galaxies within a halo—correlate with secondary properties of the 
dark matter halo. Thus, the clustering of galaxies depends on more than just 
the masses of their dark matter halos.

Do halo properties other than mass enter here?



Why should you care?
• Galaxy formation: A key 

question in how galaxies 
are made within dark 
matter halos, and what 
causes the diversity in 
the galaxy population.


• Cosmology: The 
observed clustering bias 
of galaxies is not just a 
function of the masses of 
the halos they occupy, 
but a more complicated 
multi-parameter function.

2632 S. Alam et al.

Figure 9. Top panel: the bias in fσ 8 in each FS analysis, including the
consensus value, when applied to the 84 cut-sky mock galaxy catalogues.
Here, bias is defined as the difference between the mean fσ 8 value from
all mocks and the expected value given the input cosmology. The error on
each point is the standard error in the mean. The bias in the consensus fσ 8
is smaller than the error in the mean, 0.0037, so this value is adopted as the
bias in the consensus fσ 8 value. Bottom panel: the systematic variance of the
fσ 8 in each FS analysis, including the consensus value, for three different
galaxy bias models imprinted on the same N-body simulation (and thus the
same intrinsic value of fσ 8). The y-axis is the maximal difference among the
three values of fσ 8 obtained. For the consensus value, this is 0.008. The total
systematic error on fσ 8 from the high-resolution mocks is the quadrature
sum of the values in the top and bottom panels. See the text for more details.
The three dashed lines represent the bias in fσ 8 compared to the MD-Patchy
mocks for the three redshift bins. The low, middle and high lines represent
the high-, middle- and low-redshift bins, respectively.

The top panel in Fig. 9 shows the bias in each FS method when
applied to the cut-sky mocks. The error bars represent the standard
error in the mean. For each cut-sky mock, the results of the four
RSD methods were combined in the same manner as our consensus

results. Averaging over all 84 mocks, we find only a modest mean
bias in the measured value of fσ 8 of 0.0018. This value is smaller
than the statistical precision of the mean fσ 8 derived from 84 mocks,
which is 0.0037, and so is not statistically significant. We adopt
0.0037 as an estimate of the potential bias of fσ 8 based on these
mocks. To quantify a systematic variance in our RSD methods,
we also applied the same analysis to the three cubic mocks with
different bias models. Because these mocks are built on the same
N-body simulation, there is little statistical significance in the com-
parison between the derived fσ 8 and the expected value. However,
given that the mocks are built on the same LSS, any differences
in the derived fσ 8 values from mock-to-mock represent systematic
variations in the accuracy of the methods under different galaxy
bias models. Thus, we use the maximal difference in fσ 8 between
the three mocks as our systematic error from this test. The bottom
panel of Fig. 9 shows the quantity for all four FS methods as well
as the consensus value. For the consensus value, we find the range
in fσ 8 values to be 0.008. We then place a total systematic error on
fσ 8 from the high-resolution mocks by adding 0.0037 and 0.008
in quadrature, yielding a value of 0.009 rms; however, we note that
more exotic galaxy formation models might produce larger effects.

In principle, we can use these same high-resolution mocks to
quantify a systematic error on ϵ from the FS analyses. Using the
same procedure described above, where the cut-sky mocks define
a bias and the cubic mocks estimate a systematic variance, we find
a total error in ϵ of 0.0021. We will discuss this further in the
following subsection.

The bottom panel of Fig. 9 also shows the bias in the consensus
fσ 8 values with respect to the MD-Patchy mocks. These bias values
are shown with the horizontal dotted lines. From top to bottom,
respectively, they represent the low-redshift bin, the middle-redshift
bin and the high-redshift bin. The error from the MD-Patchy mocks
is larger than that derived from the high-resolution mocks for the
low- and middle-redshift bins (see the exact values in Table 6).
Thus, for the systematic error in fσ 8, we use the values from the
MD-Patchy mocks for those two redshift bins, and we use the value
from the high-resolution mocks for the high-redshift bin.

Figure 10. The grey shaded histograms show the distribution of differences in fσ 8 between pairs of RSD methods (four methods, hence six pairs) applied to
the 84 high-resolution cut-sky mocks described in Section 7.2. The cut-sky mocks are at z = 0.5. The vertical coloured lines indicate the differences in fσ 8
when each pair of methods is applied to the DR12 combined sample, as listed in Table 4. Different coloured lines indicate different redshift bins. The pairwise
differences found for the data are typical of those found in application to the cut-sky mocks.

MNRAS 470, 2617–2652 (2017)
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Taken from Alam et al 2017, 
the BOSS DR12 cosmological analysis

Difference in fσ8 values obtained 
from mock BOSS surveys built on 
the same dark matter distribution, 
but different bias models mapping 

galaxies onto the dark matter. 



Do old and young galaxies live in old and young halos?



A “young” galaxy An “old” galaxy

Active star formation… 
Emission lines… 
Selected as ELG.

Old stellar population… 
red colors… 

Selected as LRG.



4 D. J. Croton, L. Gao & S. D. M. White

Figure 1. The relative bias between the original and the shuf-
fled galaxy populations in subhalos more massive than 5.5 ×

1010h−1M⊙ (i.e. > 64 simulation particles) as a function of pair
separation (Eq. 1). The top panel shows results for all galaxies,
whereas the bottom panel is restricted to central galaxies (re-
sulting in one and only one galaxy per halo). In each panel solid
lines refer to the full sample, while long-dashed lines are for blue
galaxies and dashed-dotted lines for red galaxies. The two sub-
populations are split at B− V = 0.8. Strong bias effects are seen
in a number of cases demonstrating that the galaxy content of a
halo of given mass is correlated with the halo’s large-scale envi-
ronment.

When we consider the clustering of central galaxies only
the total number of galaxies in these catalogues is reduced
by approximately 30% and the relative bias functions change
considerably. By definition, there is now one and only one
galaxy in each dark halo so there is no 1-halo contribution to
the correlation functions. In addition, the correlation func-
tion for the population as a whole is invariant under shuf-
fling. Thus the solid lines in the lower panel of Fig. 1 all
coincide with b(r) = 1. There are, however, substantial ef-
fects when the population is split by colour, demonstrating
that the colour of the central galaxy in a halo of given mass
depends significantly on the halo’s environment. Halos with
red central galaxies show a strong relative bias (∼ 40% on
large scales, rising to ∼ 80% on small scales) while halos
with blue central galaxies show a weaker one which is very
similar to that for all blue galaxies (∼5%). The strong effect
for red central galaxies reflects the fact that such objects are
found primarily in two very specific types of halo: massive
halos where cooling and star-formation have been curtailed
by AGN feedback; and lower mass halos which have just
passed through a more massive system, thereby losing their
hot gas atmospheres and so their source of fuel for star for-
mation. Both cases are associated with a massive halo, hence
the high clustering amplitude. The great majority of cen-

tral galaxies are associated with more isolated and/or lower
mass halos and have ongoing star formation; these objects
are blue.

4.2 Assembly bias as a function of galaxy

luminosity

We now generalise the above results including all galaxies
which are well resolved by the formation model regardless
of their subhalo mass at z = 0. Fig. 2 shows the relative
bias between the shuffled and the original galaxy popula-
tions as a function of both colour and luminosity. On scales
r >
∼ 3h−1Mpc 1-halo terms do not contribute to the corre-

lations and the relative bias is approximately constant for
all samples we have considered. For simplicity we therefore
average the relative bias measurements for each of our 10
shuffled catalogues over the separation range 6−12h−1Mpc
and we characterise the result by the mean and 1σ scatter
of these values. In the following we refer to this quantity
as the assembly bias as it measures the bias induced by the
environmental dependence of halo assembly history at fixed
halo mass.

The top panel of Fig. 2 shows this assembly bias for ab-
solute magnitude limited subsamples of galaxies as a func-
tion of their magnitude limit. Again we plot results for galax-
ies of all colours (solid line) and for blue (dot-dashed line)
and red (long-dashed line) galaxies separately. The bottom
panel shows an identical analysis but for samples restricted
to central galaxies. Note that selecting galaxy subsamples by
limiting stellar mass rather than luminosity produces similar
behaviour to that presented below. This is expected given
that the scatter in log(M/L) for the galaxies is typically
small in comparison with the magnitude range over which
the assembly bias changes.

If we focus first on the upper panel of Fig. 2, we see
that correlations between assembly history and environ-
ment at fixed halo mass can either enhance (for faint galax-
ies) or dilute (for bright galaxies) the strength of galaxy
clustering, with a transition near the characteristic lumi-
nosity L∗ of the galaxy luminosity function. Fainter than
MbJ

− 5 log h ∼ −20.5 bias values for the red and blue sub-
populations are symmetrically offset from the curve for the
population as a whole by about 5%. Brighter than this, the
bias for the population as a whole approaches that for the
red subpopulation, reflecting the fact that there are few blue
galaxies at these magnitudes. At MbJ

− 5 log h ∼ −20 blue
galaxies have an assembly bias of about 0.9, showing that
they occupy halos with significantly lower density environ-
ments than randomly selected halos of the same mass.

In the bottom panel of Fig. 2 we show the assembly
bias for absolute magnitude limited samples of central galax-
ies (i.e. for samples of halos defined by the luminosity and
colour of their central galaxies). A notable difference from
the central galaxy samples studied in the bottom panel of
Fig. 1 (which were defined by the mass of their halos) is
that the assembly bias differs from unity not only for the
red and blue subsamples but also for samples without colour
selection. This difference is caused by scatter in the relation
between halo mass and central galaxy luminosity which cor-
relates with halo environment in a way that is different for
halos with faint (L<L∗) and with bright (L>L∗) central
galaxies. Low-mass halos with brighter than average central
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• Found in semi-analytic models 
of galaxy formation! 

• The “shuffle test” means taking 
all galaxies at fixed halo mass, 
and re-assigning them 
randomly to other halos of the 
same mass (“shuffling”) . 

• Any correlation with halo 
formation history is now 
removed. See if the clustering 
has changed. 

•…. and boy it did.

Croton, Gao, White 2007



Galactic Conformity
• The idea that galaxies will 

exhibit the same properties 
as their neighbors.


• If “old” galaxies live in old 
halos, then old galaxies will 
be spatially correlated.


• (More than what is 
generically expected from 
mass-only effects.)


• So if galaxy properties were 
a function of Mh only, these 
curves would all lie on top of 
each other.

1450 G. Kauffmann et al.

relation between central galaxy and dark matter halo mass is rather
flat for high-mass haloes and as a result, the true central galaxy is
not always the most massive galaxy in its immediate environment.
Nevertheless, we see that the predicted contamination from satellites
is always below 30 per cent for galaxies of all stellar masses and
gas fractions.

3 R ESULTS FROM SDSS

3.1 Dependence of conformity on the stellar mass of the
primary, separation of the neighbour and star formation
activity tracer

In this section, we carry out a systematic exploration of how con-
formity between central galaxies and the surrounding population of
neighbours depends on (a) the stellar mass of the central, (b) the
physical separation between the neighbour and the central, (c) the
indicators used to trace star formation and cold gas content in both
the centrals and in their neighbours.

Figs 1–4 in this section focus on how the specific star formation
rates and gas content of the neighbouring galaxy population vary
as a function of projected radius from the central. Figs 5 and 6 then
explore how the relations between specific star formation rate/gas
content and galaxy mass/structural parameters for neighbouring
galaxies change according to the properties of the central object.

Figure 2. The specific star formation rate (measured within the SDSS fibre
aperture) of neighbouring galaxies is plotted as a function of projected dis-
tance from the central galaxies. Results are shown for central galaxies in the
stellar mass range 10 < log M∗ < 10.5 M⊙. In each of the four panels, the
central galaxies have been ordered by a different quantity: (a) pseudo-H I

mass fraction (top left), (b) H I deficiency parameter (top right), (c) fibre
specific star formation rate (bottom left) and (d) total specific star formation
rate (bottom right). Red, black, green, blue and cyan curves indicate re-
sults for central galaxies that fall into the 0–25th, 25–50th, 50–75th, >75th
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 upper and lower dotted curves indicate the
25th and 75th percentiles of the SFR/M∗ distribution. Error bars on the
median have been computed via boot-strap resampling.

Figure 3. As in Fig. 2, except for central galaxies in the stellar mass range
11 < log M∗ < 11.5 M⊙.

Figure 4. As in Fig. 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 H I deficiency.

We begin with the subset of central galaxies with stellar masses
in the range 10.0 < log M∗ < 10.5. We divide these galaxies into
quartiles using four different measures.

(i) The pseudo-H I mass fraction estimate given in equation (1).
Hereafter, we will denote this quantity as GS(M∗).

(ii) The ‘H I deficiency parameter’ defined in Li et al. (2012),
which is the deviation in log(MH I/M∗) from the value predicted
from the mean relation between log(MH I/M∗) and the combination
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Consistent with other data 
on galaxy bimodality?

• fQ clearly depends on 
large-scale environment.


• Qualitatively consistent 
with the idea that old 
(quenched) galaxies 
preferentially reside in 
old (early-forming) halos.

Tinker, Wetzel, Conroy 2011

R=10 Mpc

Tinker et al 2008, Peng et al 2010, 
Tinker et al 2017, 2018, Zu & 

Mandelbaum 2016, 2018, Wang et 
al 2018.



Volume-limited 10o slice through SDSS-MGS

Tinker, Wetzel, Conroy, Mao 2017 arXiv:1609.03388

Mr<-19



Applying the group finder to this slice.

Tinker, Wetzel, Conroy, Mao 2017 arXiv:1609.03388



Tinker, Wetzel, Conroy, Mao 2017 arXiv:1609.03388



Consistent with other data 
on galaxy bimodality?

Tinker, Wetzel, Conroy 2011

• fQ clearly depends on 
large-scale environment.


• Deconvolving the 
contributions of centrals 
and satellites shows 
driven by satellites.


• Not consistent with 
central quenching being 
correlated with halo 
formation history.

Tinker et al 2008, Peng et al 2010, 
Tinker et al 2017, 2018, Zu & 

Mandelbaum 2016, 2018, Wang et 
al 2018.
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• Deconvolving the 
contributions of centrals 
and satellites shows 
driven by satellites.


• Not consistent with 
central quenching being 
correlated with halo 
formation history.
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How to explain the galactic 
conformity detection?

• Left: Reproduction of the K13 conformity detection. Primary 
galaxies are found using isolation criterion.


• Right: Signal after removing “impurities” from the K13 
sample of isolated galaxies. 

8 Tinker et. al.
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Figure 5. Our reconstruction and subsequent deconstruction of the K13 conformity measurement. Panels from left to right: Leftmost

Panel: The original K13 measurement: the median specific star formation rate within the SDSS fiber, sSFR(fib), of secondary galaxies
around primary galaxies isolated with the K13 criterion. Primary galaxies are in the stellar mass range logM∗ = [10.0, 10.5], while
secondary galaxies include all galaxies in the sample. The thin solid curves are taken from K13, and the thick curves with error bars
are our own measurement. The error bars are obtained by spatial jackknife of the sample. Second Panel: Thick solid lines show the
measurement after removing from the primary sample galaxies that are classified by the group finder as either satellite galaxies are non-
pure satellites. This removes ∼6% of galaxies from the primary sample. The dotted curves—here and in the other right-hand panels—show
our measurement of conformity from the left-most panel. Third Panel: The conformity signal of the galaxies that were removed from the
primary sample in the second panel. Half of these galaxies are classified as satellites, while the other half are classified as low-probability
centrals. Right Panel: The conformity signal when restricting the secondary galaxies to be central galaxies of the same stellar mass as
the primary sample. The volume of this catalog is larger than the other three panels, thus the error bars are smaller.

Figure 6. Examples of galaxies classified as isolated by the K13 criteria, but are marked as satellites within a group by the group finder.
In each panel, the isolated primary galaxy in question is marked in orange, with the isolation radius shown with the orange circle. The
group virial radius is indicated with the dashed circle, while other group members are shown in gray, with point size proportional to
logM∗. The group central galaxy is shown in green. Red dots indicate galaxies that are within the projected radius of the isolation criteria
but are less massive than M∗/2. Other group members (gray symbols) within the isolation radius are outside the velocity separation
criterion (∆v > 500 km/s).

galaxies are all galaxies in the mock, which is complete down
to M∗ = 109.7 M⊙. We note that the results shown in this
figure are qualitatively the same when using a sample of
primaries in the range logM∗ = [10.0, 10.5], as in K13.

The top panel in Figure 7 shows the results for a mock
with no assembly bias. This is the same mock used in Fig-
ure 1 to test our method of measuring conformity using the
group catalog. At Rp > 2 Mpc, there is no conformity. How-
ever, at smaller scales, there is a small but measurable differ-
ence in the quenched fractions of secondary galaxies around
star-forming and quiescent primaries. At Rp ∼ 1 Mpc, this
difference is around 2%, driven mostly by the same effects

seen in the K13, in which a small fraction of satellite galaxies
make it into the primary sample.

In the middle panel, we incorporate the effects of back-
splash galaxies into the mock. As discussed above, back-
splash galaxies are those that are currently classified as cen-
tral, but have in their past history passed through the virial
radius of a larger halo. Wetzel et al. (2014) showed that the
slight enhancement of the fQ around groups and clusters
can be explained by a model in which backsplash galaxies
evolve the same as satellite galaxies: several Gyr after the
initial accretion event, the galaxies undergo rapid quenching
and migrate onto the red sequence. Most backsplash galax-
ies are eventually re-accreted back into the larger halo, but

c⃝ 2016 RAS, MNRAS 000, 1–13
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Figure 5. Our reconstruction and subsequent deconstruction of the K13 conformity measurement. Panels from left to right: Leftmost

Panel: The original K13 measurement: the median specific star formation rate within the SDSS fiber, sSFR(fib), of secondary galaxies
around primary galaxies isolated with the K13 criterion. Primary galaxies are in the stellar mass range logM∗ = [10.0, 10.5], while
secondary galaxies include all galaxies in the sample. The thin solid curves are taken from K13, and the thick curves with error bars
are our own measurement. The error bars are obtained by spatial jackknife of the sample. Second Panel: Thick solid lines show the
measurement after removing from the primary sample galaxies that are classified by the group finder as either satellite galaxies are non-
pure satellites. This removes ∼6% of galaxies from the primary sample. The dotted curves—here and in the other right-hand panels—show
our measurement of conformity from the left-most panel. Third Panel: The conformity signal of the galaxies that were removed from the
primary sample in the second panel. Half of these galaxies are classified as satellites, while the other half are classified as low-probability
centrals. Right Panel: The conformity signal when restricting the secondary galaxies to be central galaxies of the same stellar mass as
the primary sample. The volume of this catalog is larger than the other three panels, thus the error bars are smaller.

Figure 6. Examples of galaxies classified as isolated by the K13 criteria, but are marked as satellites within a group by the group finder.
In each panel, the isolated primary galaxy in question is marked in orange, with the isolation radius shown with the orange circle. The
group virial radius is indicated with the dashed circle, while other group members are shown in gray, with point size proportional to
logM∗. The group central galaxy is shown in green. Red dots indicate galaxies that are within the projected radius of the isolation criteria
but are less massive than M∗/2. Other group members (gray symbols) within the isolation radius are outside the velocity separation
criterion (∆v > 500 km/s).

galaxies are all galaxies in the mock, which is complete down
to M∗ = 109.7 M⊙. We note that the results shown in this
figure are qualitatively the same when using a sample of
primaries in the range logM∗ = [10.0, 10.5], as in K13.

The top panel in Figure 7 shows the results for a mock
with no assembly bias. This is the same mock used in Fig-
ure 1 to test our method of measuring conformity using the
group catalog. At Rp > 2 Mpc, there is no conformity. How-
ever, at smaller scales, there is a small but measurable differ-
ence in the quenched fractions of secondary galaxies around
star-forming and quiescent primaries. At Rp ∼ 1 Mpc, this
difference is around 2%, driven mostly by the same effects

seen in the K13, in which a small fraction of satellite galaxies
make it into the primary sample.

In the middle panel, we incorporate the effects of back-
splash galaxies into the mock. As discussed above, back-
splash galaxies are those that are currently classified as cen-
tral, but have in their past history passed through the virial
radius of a larger halo. Wetzel et al. (2014) showed that the
slight enhancement of the fQ around groups and clusters
can be explained by a model in which backsplash galaxies
evolve the same as satellite galaxies: several Gyr after the
initial accretion event, the galaxies undergo rapid quenching
and migrate onto the red sequence. Most backsplash galax-
ies are eventually re-accreted back into the larger halo, but

c⃝ 2016 RAS, MNRAS 000, 1–13

(2018)
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Panel: The original K13 measurement: the median specific star formation rate within the SDSS fiber, sSFR(fib), of secondary galaxies
around primary galaxies isolated with the K13 criterion. Primary galaxies are in the stellar mass range logM∗ = [10.0, 10.5], while
secondary galaxies include all galaxies in the sample. The thin solid curves are taken from K13, and the thick curves with error bars
are our own measurement. The error bars are obtained by spatial jackknife of the sample. Second Panel: Thick solid lines show the
measurement after removing from the primary sample galaxies that are classified by the group finder as either satellite galaxies are non-
pure satellites. This removes ∼6% of galaxies from the primary sample. The dotted curves—here and in the other right-hand panels—show
our measurement of conformity from the left-most panel. Third Panel: The conformity signal of the galaxies that were removed from the
primary sample in the second panel. Half of these galaxies are classified as satellites, while the other half are classified as low-probability
centrals. Right Panel: The conformity signal when restricting the secondary galaxies to be central galaxies of the same stellar mass as
the primary sample. The volume of this catalog is larger than the other three panels, thus the error bars are smaller.

Figure 6. Examples of galaxies classified as isolated by the K13 criteria, but are marked as satellites within a group by the group finder.
In each panel, the isolated primary galaxy in question is marked in orange, with the isolation radius shown with the orange circle. The
group virial radius is indicated with the dashed circle, while other group members are shown in gray, with point size proportional to
logM∗. The group central galaxy is shown in green. Red dots indicate galaxies that are within the projected radius of the isolation criteria
but are less massive than M∗/2. Other group members (gray symbols) within the isolation radius are outside the velocity separation
criterion (∆v > 500 km/s).

galaxies are all galaxies in the mock, which is complete down
to M∗ = 109.7 M⊙. We note that the results shown in this
figure are qualitatively the same when using a sample of
primaries in the range logM∗ = [10.0, 10.5], as in K13.

The top panel in Figure 7 shows the results for a mock
with no assembly bias. This is the same mock used in Fig-
ure 1 to test our method of measuring conformity using the
group catalog. At Rp > 2 Mpc, there is no conformity. How-
ever, at smaller scales, there is a small but measurable differ-
ence in the quenched fractions of secondary galaxies around
star-forming and quiescent primaries. At Rp ∼ 1 Mpc, this
difference is around 2%, driven mostly by the same effects

seen in the K13, in which a small fraction of satellite galaxies
make it into the primary sample.

In the middle panel, we incorporate the effects of back-
splash galaxies into the mock. As discussed above, back-
splash galaxies are those that are currently classified as cen-
tral, but have in their past history passed through the virial
radius of a larger halo. Wetzel et al. (2014) showed that the
slight enhancement of the fQ around groups and clusters
can be explained by a model in which backsplash galaxies
evolve the same as satellite galaxies: several Gyr after the
initial accretion event, the galaxies undergo rapid quenching
and migrate onto the red sequence. Most backsplash galax-
ies are eventually re-accreted back into the larger halo, but

c⃝ 2016 RAS, MNRAS 000, 1–13

Orange circle: Kauffmann et al isolation radius
Grey dashed circle: Halo virial radius

• Examples of impurities in the Kauffmann et al sample,

• galaxies classified as “isolated” but the group finder labels them 

as satellites within high-mass halos.

• Source of the false conformity signal.

Sin et al 2017 found consistent conclusions when 
investigating the  K13 detection.



Voids as a critical test
Is galaxy formation efficiency the same here, as it is here?

Can you simultaneously fit the two-point correlation function 
and the void probability function with a model where halo 
occupation is independent of large-scale environment?



Test applied to BOSS LRGs8 Walsh et al.
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Figure 5. This figure shows the same measurements as in Figure 3 and includes the predicted values from mock measurements in
simulated galaxy samples. The mock galaxies are derived from parameter samples from the posterior over the HOD parameters, obtained
from fitting the standard HOD using the wp measurement. The model predictions show a region within one standard deviation of the
predictions from the posterior. In the residual plot for the VPF (lower right panel) we compare model predictions as a distance in
standard deviations (i.e. the observation errors) in order to clearly show the values in each bin.

Table 1. This table shows the top hat prior ranges (in some cases improper) along with the maximum a posteriori values and standard
deviations from the posterior chains of our models. The three sets of posteriors are taken from a model fit only to the two-point function,
a model with mass-only HOD fit to both the two-point function and VPF, and a model fit to both and incorporating density dependence
in the HOD. The constraints are consistent across all models, showing that a mass-only model is su�cient to fit the data and that
assembly bias in the BOSS LRGs is strongly ruled out.

parameter priors wp only wp & P0 wp & P0 with f⇢
↵ [0,3] 1.17(06) 1.12(16) 1.00(23)

Mcut (�1,1) �17.47(1150) 4.87(17) 8.00(29)
M1 [Mmin,15] 14.2(03) 14.28(17) 14.22(17)
Mmin [10.5,15] 13.07(04) 13.18(13) 12.92(14)
�log M (0,1.5] 0.35(06) 0.55(13) 0.45(25)

f⇢ [10.5 �Mmin,15 �Mmin] 0.02(04)
⇢th [0.5,1.5] 1.02(11)
�⇢ (0,1) 0.03(01)

dent of the details of the halo’s location within the cosmic
web—i.e., filaments, walls, nodes, sheets, etc. Thus there is
not more information beyond ⇢ required when implementing
assembly bias.

The ability of the density-independent HOD model to
match both the clustering and void distribution is somewhat
surprising given recent results showing that a mass-only ap-
proach has di�culty yielding statistically acceptable fits to

the galaxy correlation function for low-luminosity samples
in SDSS (Reddick et al. 2013; Zentner et al. 2016; Lehmann
et al. 2017). All of these works found a better fit when cor-
relating halo occupation with something other than mass,
either through an explicit second parameter (i.e., the ‘deco-
rated HODs’ of Hearin et al. 2016), or by abundance match-
ing on galaxy properties other than mass. However, both
Zentner et al. (2016) and Lehmann et al. (2017) show no

MNRAS 000, 1–11 (2019)
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Projected two-point 
correlation function.

Void Probability function.

This is a standard model: halo 
occupation only depends on halo mass.

Fractional error of fit NB: ΔP0 relative to error.



Constraining Assembly BIas

5

FIG. 2.— Projected correlation function data and HOD fits for theMr < −21 sample (panels [a] and [c], respectively) and theMr < −22 sample (panels [b] and
[d], respectively). In the top panels, points with error bars are the SDSS data of Z05, while the gray region represents the range in HOD fits with∆χ2wp < 1 with
respect to the best-fit HOD model. Bottom panels plot the mean occupation functions ⟨N⟩M for 20 randomly chosen HOD fits with∆χ2wp < 1.

restricted redshift sample.

2.2. HOD Modeling
We constrain the occupation function by fitting the ob-

served wp(rp) and n̄g for each sample with the analytic model
for wp(rp) described in Tinker et al. (2005) (see also Zheng
2004; Zehavi et al. 2004). The mean occupation function is
divided into two terms; central galaxies located at the center
of mass of the halo, and satellite galaxies distributed through-
out the halo. For SDSS samples defined by a luminosity
threshold, the central occupation function takes the form

⟨Ncen⟩M =
1
2

[

1+ erf
(

logM − logMmin

σlogM

)]

, (3)

whereMmin is a cutoff mass scale and all logarithms are base-
10. Formally, in equation (3) Mmin is the mass at which
⟨Ncen⟩M = 0.5. The parameter σlogM describes the shape of the
central galaxy cutoff. Physically, this parameter represents
the scatter between halo mass and central galaxy luminosity;
if this scatter is large then a fraction of low-mass halos will be
included in the sample and the shape of the cutoff will be soft.

If this scatter is small then central galaxies follow a nearly
one-to-one mapping of mass to luminosity, and ⟨Ncen⟩M re-
sembles a step function.
The satellite galaxy occupation function is modeled as a

truncated power law,

⟨Nsat⟩M =
(

M −Mcut

Msat

)αsat

, (4)

where Mcut is a cutoff mass scale for satellites, Msat is the
amplitude of the power law, and αsat is its slope. In equa-
tion (4) the mass at which halos host on average one satel-
lite is M1 = Mcut +Msat. The total occupation function is
⟨N⟩M = ⟨Ncen⟩M + ⟨Nsat⟩M . As expressed in equations (3) and
(4) the occupation function has five free parameters. In prac-
tice, the number of free parameters is reduced to four because
Mmin is set by n̄g once the other parameters have been cho-
sen. One can accurately fit wp(rp) with only a three-parameter
occupation function (e.g., Zehavi et al. 2004, 2005), but we
allow ⟨N⟩M extra freedom to explore how variations in the
shape of ⟨N⟩M alter the predicted void statistics. In Paper I
we demonstrated that the void statistics are relatively insensi-
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Figure 4. Our model for incorporating galaxy assembly bias. The left-hand panel shows several implementations of equation (4). Here
fHOD is the fractional change to the HOD mass scale. The parameters �p and ⇢th are held constant, but f⇢ is varied to both increase
and decrease galaxy formation e�ciency at densities below the mean density around CMASS galaxies. The right-hand panel shows
the impact these variations have on the two-point clustering of galaxies. The points with errorbars show the amount of assembly bias
predicted in a model where galaxy mass is matched to peak circular velocity of the halo, which is correlated with halo formation history.
The points themselves show the clustering of this model relative to a shu✏ed version of the same model, where galaxies are shu✏ed
randomly between halos of the same mass, thereby erasing any correlations with the large-scale density field, but preserving the HOD.
The expected assembly bias is small, and can be easily modeled in our framework.

point distribution over the survey mask and with collision
pair-upweighting. Therefore, we need not make any special
considerations in our model measurement. We make a dis-
tant observer approximation for the simulation box and take
one dimension to be the line-of-sight axis. Along this dimen-
sion x3, we displace each galaxy according to its parallel
velocity v3 by

�x3 =
1 + z

H (z)
v3 (5)

to mimic redshift-space distortions, where H (z) is the
Hubble parameter at the simulation redshift z.

We use the updated galaxy positions to calculate the
pairs for the ⇠ (rp, ⇡) estimator with ⇡ along the x3 dimen-
sion of the box. Since the box is periodic, we can analytically
compute the expected random pairs for the estimator by as-
suming a poisson process to save on computational time. The
code we use for calculating the theory wp (rp ) is Corrfunc
(Sinha & Garrison 2017).

3.4.2 Void Probability Function

In order to make an honest comparison of the simulated
galaxies to the observed galaxies with respect to the VPF, we
must first match the galaxy number density. We downsample
the simulated galaxies randomly until we reach the same
constant number density as we had for the redshift range for

the VPF measurement discussed in Section 2.2 and shown
in Figure 1.

Since the measurement of the VPF made in the data
was made using a sample of galaxies with missing observa-
tions due to fibre collisions, it was necessary to also simulate
such fibre collisions in our mock galaxies. Otherwise, down-
sampling the simulated galaxy sample to our chosen number
density would lead to more voids, since there would be no
preferential removal of collided pairs, which are typically in
denser regions. Removing ”fibre collisions” first in our simu-
lated mock leads to a smaller fraction of voids at increasingly
larger radii.

The comoving distance from the nearest galaxies to
the furthest in our observed sample is approximately 300
h
�1Mpc. The depth of the simulation box, along our line of

sight dimension, is far greater, at 2500 h
�1Mpc. The number

of galaxy pairs that will seem to be ”collided” by the fibre
collision radius of our simulation redshift (which comes to
⇠ 0.4 h

�1Mpc in comoving separation) is thus also far greater
in the box than in the survey. It becomes an issue to obtain
the desired number density in our mock because there can
be enough collided galaxies, that removing the same fraction
of them as are unobserved in the data, leads to a lower mock
number density than the final data sample. As a workaround,
we restrict the simulation to a fraction of its size along the
line-of-sight dimension. To be as consistent with the survey
data as possible, we choose the fraction such that the ratio
of simulation box ”depth” to ”area”, is similar to the ratio of
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Fig. 8.— Projected correlation functions for density-dependent HOD models of the Mr <

−19 sample. (a) Models in which Mr < −19 galaxies are completely suppressed (fmin = ∞)

below critical densities δc = −0.8, −0.6, and −0.4. Points with error bars are the SDSS
data. (b) Models in which the minimum host halo mass increases by a factor fmin = 2 below

the same values of δc.
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Fig. 9.— Void probability functions for density-dependent HOD models of the Mr < −19

sample. In all three panels, lines are density-dependent HOD models while points show

the three models, from Figure 5a. Solid points with error bars represent the (σ8,σlogM) =
(0.9, 0.1) model, open triangles are the (0.9, 0.6) model, and open squares are the (0.7, 0.1)

model. Panel (a): Models with fmin = 2. The four lines, from bottom to top, show results
for δc = −0.8, −0.6, −0.4, and −0.2. Panel (b): Models with fmin = 4 for the same values

of δc. Panel (c): Models with fmin = ∞ for the same values of δc.

Tinker, Weinberg, Warren 2006

Impact of assembly bias on 
correlation function  

Impact of the same models on 
the void probability function.



Constraints from BOSS
Recall the parameterization of 

assembly bias:

fHOD =
f⇢
2


1 + erf

✓
log ⇢m � log ⇢0

�⇢

◆�

• fρ is the key parameter for 
controlling the amplitude of the 
assembly bias.


• 68% confidence region of:

f⇢ = [�0.022,+0.026]



Conclusions
• Any assembly bias in BOSS LRGs must be very small— 

only impacting clustering by a couple percent.


• Assembly bias in galaxy color is minimal (or not detected) 
as well, including measurements of galactic conformity.


• However (#1) with DESI and future missions, “a couple 
percent” will be within the statistical errors.


• However (#2) assembly bias within the star-forming 
population needs to be looked at more closely: DESI, 
Euclid, WFIRST all target ELGs.


