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Measuring halo assembly bias is relevant 
to both astrophysics and cosmology

Wechsler et al. ‘06;  Wu, Rozo, and Wechsler ‘08
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Fig. 5.— Impact of assembly bias for two di!erent cosmolo-
gies and four survey conditions. The ratio |!"|/#! for "DE and
w are plotted as circles and squares respectively. Solid and open
symbols are for WMAP1 and WMAP3 cosmologies respectively.
DES and LSST are clearly sensitive to assembly bias, while SPT
is marginally sensitive to it, with the e!ect being stronger for
WMAP1 than WMAP3. A current SDSS-like survey is not sensi-
tive to assembly bias. (Fiducial values assumed for other parame-
ters include: r = !0.5 and #lnM = 0.5 for SDSS, DES, and LSST,
and r = 0.4 and #lnM = 0.2 for SPT)

marginalization over r are only to be taken as rough in-
dicators.

We use moderate values for r (0.4 for SZ and !0.5 for
optical) to compare the cosmological constraints assum-
ing (1) fixed r values, and (2) r to be a free parameter in
the Fisher matrix. Table 3 contains our results for three
of the survey assumptions. As can be seen, while the er-
ror bars for DES are only slightly a!ected by marginal-
ization over r, those for SPT increase by a factor of 2 to 3.
The reason is again related to the mass binning; since our
fiducial SPT survey does not include mass binning, there
is no information about the shape of the halo mass func-
tion, which, if present, can improve the constraints on the
scatter in the observable–mass relation. In the absence
of this shape information, the constraints on the scatter
is modest, which means that marginalization of "DE and
w over the acceptable region of the parameter space will
reach areas with very large scatter. Since those areas are
highly sensitive to the e!ects of halo assembly bias, the
marginalized errors will be significantly larger. In the last
row of Table 3 (SPT5), we assume five narrow observ-
able bins for SPT with bin size #log0Mobs = 0.2. In this
case, the dark energy constraints are barely degraded af-
ter marginalizing over r. Thus, mass binning is a crucial
component of the data analysis for both DES and SPT
to maximize their potential as cosmological probes. Note
that, in all cases, r itself cannot be well-constrained like
other nuisance parameters. Since the dependence on r
only a!ects the sample variance but not the abundance,
the information for constraining r is insu$cient.

6. SUMMARY

Self-calibration analysis in galaxy cluster surveys relies
on the dependence of the halo bias on mass to simulta-

neously constrain cosmology and the cluster observable–
mass distribution. Recent work has shown that halo
bias is sensitive not only to halo mass, but also to sec-
ondary parameters related to the assembly history. Here
we consider the e!ect of halo concentration on the bias
as a specific case of the secondary parameters (gener-
ally termed assembly bias), and show how it might a!ect
self-calibration analyses. In particular, if halo selection
depends on halo concentration, the observed clustering
amplitude of the corresponding cluster sample will devi-
ate from that of a random selection of clusters with the
same mass distribution. This deviation in the observed
clustering amplitude can result in biased inferences of
cosmological parameters, depending on (1) the amount
of scatter between halo mass and the observational mass
proxy, and (2) the correlation between the mass proxy
and halo concentration. For current surveys like SDSS,
the statistical uncertainty is still su$ciently large that
the systematic error due to assembly bias is negligible.
On the other hand, for an SPT-like survey, the expected
small amount of intrinsic scatter between the SZ decre-
ment and halo mass suggests that the impact of assem-
bly bias on parameter estimation is negligible; however,
if the projection e!ect results in higher scatter in high
density regions, assembly bias may have significant im-
pact. For a DES-like survey, where the mass proxy is
likely to have considerably larger scatter, we estimate
that assembly bias can displace the recovered dark en-
ergy parameters from their true values by about 1!. For
an LSST-like survey, this systematic error can exceed 2!
in w. In the last two cases, halo assembly bias may need
to be explicitly included in the cosmological analysis to
avoid biasing of the recovered dark energy parameters.
We emphasize, however, that our analysis has assumed
the specific dependence of halo bias on halo concentra-
tion found by Wechsler et al. (2006). If this dependence
is shown to be smaller at high masses, if the correlation
relating the observable mass proxy and halo concentra-
tion can be shown to be small, or if observables that are
more tightly correlated with mass can be found, the e!ect
will be mitigated. We have shown that binning in mass
is crucial for both optical and SZ surveys, as marginal-
ization over this correlation coe$cient can increase the
expected errors of dark energy parameters by a factor of
a few if we only use thresholded counts.
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P(NsatjMvir), the probability distribution of the number of sub-
halos per host halo at fixed host halo mass. In such simulations
this is the best proxy for the number distribution of satellite
galaxies per halo (e.g., Kravtsov et al. 2004a). The probability
distribution of this number of satellite galaxies per halo as a
function of halo mass, P(NsatjMvir) is a primary ingredient in halo
model calculations of galaxy clustering (see x 4 below). Sheth &
Tormen (2004) and Gao et al. (2005) have emphasized that the
formation time dependence of clustering breaks a fundamental
assumption of the halo model, namely, that galaxies populate
halos of a given mass in a manner that is statistically indepen-
dent of halo environment. In fact, this is true only if P(NsatjMvir)
is a function of halo formation time. Subhalos are natural sites
for galaxy formation, so a more direct test is to show that halos
cluster differently as a function of Nsat.

Zentner et al. (2005) showed that both ac and cvir are strongly
correlated with Nsat in host halos of fixed mass. We update this
correlation for the massive halos in the L120 and L80 simula-
tions in Figure 5, where we compare the number of satellites with
Mhost > 103Msub in the massive host halos of the L120 and L80
simulations with the host halo concentrations and formation

times. Scaling the satellite number with respect to the host mass
normalizes out the gross dependence of satellite number on host
halo mass. Moreover, we have normalized both cvir and ac to
their average values as a function of halo mass. Figure 5 clearly
shows that early-forming, high-concentration halos have fewer
satellites. The basic reason is that halos that accrete their sub-
halos first have more time for those subhalos to be destroyed or
to merge with the central object due to dynamical friction (e.g.,
Kravtsov &Klypin 1999; Taffoni et al. 2003; Zentner & Bullock
2003; Zentner et al. 2005; van den Bosch et al. 2005; Taylor &
Babul 2005).

In light of this strong correlation, the clustering dependence
of formation time and halo concentration found in xx 3.1 and 3.2
suggests that halo clustering is likely to be a function of Nsat as
well. Kravtsov et al. (2004a), Tasitsiomi et al. (2004), and Conroy
et al. (2006) have demonstrated that halos and subhalos selected
by their maximum circular velocities provide excellent matches
to the observed galaxy-galaxy autocorrelation function, galaxy-
mass cross-correlation function, as well as to the luminosity de-
pendence and redshift evolution of clustering, respectively (see
alsoBerrier et al. [2006] for a similar result for close-pair statistics).

Fig. 3.—Relative bias squared for halo samples selected by quartiles in c̃vir and thresholds in the mass variable m̃, compared to the bias of all halos above the same
mass threshold. Each set of curves shows the mean bias for the indicated c̃vir quartile. The shaded bands represent the 68% region constructed from 200 random
subsamples of the unbiased population with the same size as the biased subsample. The leftmost segments are taken from the z ! 0 output of the L80 simulation and are
labeled ‘‘80 h"1 Mpc.’’ The remaining segments are taken from different redshift outputs of the L120 simulation ( labeled ‘‘120 h"1 Mpc’’) as indicated in order to fill in
the entire range ofMvir /M?. The left edge of each segment is determined by aminimum of 250 particles in a halo, while the right edge is limited by requiring that there be
more than 1500 halos in each subsample.
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Halo bias also depends on various structural 
and dynamical properties

Faltenbacher & White ‘10



Why do we want to measure assembly bias?

Wechsler et al. ’06; 
Maccio et al. ’07

b(Mobs, C) ∝
�

dMP (M,Mobs, C)

×b(M,C)n(M)

Measuring assembly bias can 
constrain the correlation between 
various halo properties



What are we going to observe?

•  2011; DECam on the 4-meter Blanco telescope at CTIO (525 nights)
• g, r, i, z, y; 24.3 mag in i + overlapping with SPT and VISTA (J, H, K)
• Survey area = 5000 deg2; volume = 17 Gpc3/h3

• Galaxy clusters selected from optical imaging
- Cluster sample: Mth = 1013.7 M⊙/h and zmax = 1.5 (~105 clusters)

DES Website: http://www.darkenergysurvey.org/



LasDamas website:
http://lss.phy.vanderbilt.edu/lasdamas

McBride et al.

Large Suite Dark Matter Simulations (LasDamas)

McBride, Berlind, Busha, Manera, Scoccimarro, van den Bosch, Wechsler

Name Box Size
(Mpc/h)

Particle Mass 
(M⊙/h)

Total Volume
(Gpc3/h3)

Oriana 2400 4.5E+11 550

Carmen 1000 4.9E+10 40

Esmeralda 640 9.0E+09 10

Consuelo 420 1.8E+09 3.0



Ongoing project I: re-simulations of massive 
halos in a Gpc box

• Zooming in the region where a 
massive halo forms and re-
simulating it with high-resolution 
particles
• Aiming for calibrating large-scale 
halo bias and small-scale subhalo 
properties simultaneously
• Representative of the statistical 
properties of clusters observable in 
DES and massive cluster surveys 
• Resolving subhalos down to
 109M⊙/h; also relevant to the study 
of galaxy formation in massive 
halos



Generating initial conditions

• Multi-scale Initial Conditions (MUSIC, Hahn 
‘10)

- Allowing multiple levels of refinement
- Transfer function calculated in the intermediate 
refinement level

• 2LPT (Crocce et al. ‘06)
- Generating full-volume initial conditions with 
the same modes
- Cutting and pasting

• Re-simulation targets: 
- Selecting most massive halos and identifying the 
Lagrangian volumes in the initial condition
- Highest mass resolution ~108 M⊙/h; softening ~ 
5 kpc/h
- Gadget-2 N-body simulations (dark matter only)



Ongoing project II: scale-dependent bias 
and mass calibration

• Halo bias can help cluster mass 
self-calibration and thus improve 
the dark energy constraints; 
accurate calibration of halo bias is 
essential when no external mass 
information is present.  
• Current clustering 
measurements are limited to 
large-scale bias.  How does the 
small-scale bias help mass self-
calibration in surveys?
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Figure 2. Degradation of the FoM due to uncertainties in mass function and halo bias. The contours and numbers correspond to the degraded FoM with respect to
the FoM with perfectly known mass function and halo bias. In order to quote a relatively simple result, we assume that the mass function parameters all have the
same prior, !f , and that the halo bias parameters all have the same prior, !g. Given the statistical power of DES- and SPT-like surveys, the mass function needs to
be predicted with a few percent precision to avoid 10% degradation in the FoM. For a perfectly known observable–mass distribution, the required precision of halo
bias is less stringent because the information from sample variance becomes less important. Comparing a DES-like survey and an SPT-like survey, the latter has less
stringent requirements because its smaller sky coverage and higher observable threshold result in fewer observed clusters.
(A color version of this figure is available in the online journal.)

the expected cluster counts are lower and the statistical errors
are larger.

The bottom panels of Figure 2 assume that the
observable–mass distribution is perfectly constrained. Under
this assumption, the requirement for mass function predictions
is slightly less stringent than the case of a free observable–mass
distribution shown in the top panels. However, the requirement
for the halo bias predictions is significantly less strict. This
behavior stems from including the information from sample
variance for self-calibrating the observable–mass distribution.
When the observable–mass distribution is uncertain, both the
mass function and halo bias need to be well known to avoid de-
grading the power of self-calibration. On the other hand, if the
observable–mass distribution is well known, the requirement on
the halo bias is markedly less stringent because the variance in
counts is no longer needed to calibrate this relation. Neverthe-

less, the small statistical errors on dark energy in the case of
a well-known observable–mass distribution mean that stringent
mass function predictions are still necessary.

We note that although the top panels and the bottom panels
show similar fractional degradations in the FoM, they have
very different FoM values and thus very different absolute
degradations. When the observable–mass distribution is well
known, uncertainties in the mass function and halo bias will
become the obstacle to achieve precision cosmology. On the
other hand, when the observable–mass distribution is unknown,
constraining the observable–mass distribution will be more
effective to improve the FoM than constraining the mass
function and halo bias. For detailed comparisons of uncertainties
in the observable–mass distribution and those in the mass
function and halo bias, we refer the reader to Figures 2 and 3 in
Cunha & Evrard (2009).

Wu, Zentner, and Wechsler ’10, ApJ



• Calibrating halo bias b(M,r) 
down to Mpc scale; using the 
statistics in LasDamas
• Oriana: 41 simulations of box 
size 2.4 Gpc/h 
• The shape of small-scale bias 
will provide information for 
cluster mass calibration in 
surveys.

Small-scale bias calibration

r (Mpc/h)

b(
r)

2 /
b 0

2



Summary/Outlook

• Measuring halo bias in upcoming surveys (e.g. DES) will help 
the understanding of assembly history of dark matter halos.   It 
will also help the cluster mass self-calibration in surveys and 
improve the constraints on dark energy. 
• Ongoing projects:

- We are performing re-simulations of massive halos in a Gpc 
box to study halo bias and halo substructures simultaneously.  
This will allow us to resolve the substructures hosting all 
observed galaxies in the most massive systems.
- We are calibrating scale-dependent bias using LasDamas 
and applying it to cluster mass self-calibration.


