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We investigate the level of galaxy assembly bias in the Sloan Digital Sky Survey (SDSS) main galaxy sample using ELUCID,
a state-of-the-art constrained simulation that accurately reconstructed the initial density perturbations within the SDSS volume.
On top of the ELUCID haloes, we develop an extended HOD model that includes the assembly bias of central and satellite galax-
ies, parameterized as Qcen and Qqy, respectively, to predict a suite of one- and two-point observables. In particular, our fiducial
constraint employs the probability distribution of the galaxy number counts measured on 8 4! Mpc scales Ng and the projected
cross-correlation functions of quintiles of galaxies selected by Ng’ with our entire galaxy sample. We perform extensive tests of
the efficacy of our method by fitting the same observables to mock data using both constrained and non-constrained simulations.
We discover that in many cases the level of cosmic variance between the two simulations can produce biased constraints that lead
to an erroneous detection of galaxy assembly bias if the non-constrained simulation is used. When applying our method to the
SDSS data, the ELUCID reconstruction effectively removes an otherwise strong degeneracy between cosmic variance and galaxy
assembly bias in SDSS, enabling us to derive an accurate and stringent constraint on the latter. Our fiducial ELUCID constraint,
for galaxies above a stellar mass threshold M, =102 h™2 My, is Qeen=—0.09 + 0.05 and Q,=0.09 = 0.10, indicating no evidence
for a significant (> 207) galaxy assembly bias in the local Universe probed by SDSS. Finally, our method provides a promising
path to the robust modelling of the galaxy-halo connection within future surveys like DESI and PFS.
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1 Introduction connection [1], the halo occupation distribution (HOD) pro-
vides a convenient yet precise analytic framework for in-
As one of the most successful models of the galaxy-halo terpreting modern galaxy surveys (e.g., refs. [2-15]). In its
simplest form, the standard HOD model assumes that the
*Corresponding author (email: yingzu@sjtu.edu.cn) galaxy occupation inside dark matter haloes depends solely
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on halo mass. The physical basis for this assumption can
be traced back to early theories of structure formation (e.g.,
refs. [16-22]) in which the gravitational collapse and spatial
clustering of dark matter halos are determined by the peak
height in the initial density field. Since then, various numeri-
cal studies have robustly detected the so-called “halo assem-
bly bias” effect using cosmological N-body simulations—
halo clustering also depends on halo properties (e.g., con-
centration, formation time, spin, etc.) other than the mass
(e.g., refs. [23-36]). If galaxy occupation inside haloes of
the same mass varies with respect to a secondary halo prop-
erty that manifests strong halo assembly bias the resulting
“galaxy assembly bias” will make the clustering predictions
of a standard HOD model inaccurate; HOD prescriptions and
other models of the galaxy-halo connection would need to
be modified accordingly. The potential existence of galaxy
assembly bias is thus an important source of systematic un-
certainty in cosmological interpretation of current and future
galaxy surveys [37-39]. In this paper, we extend the standard
HOD prescription to include both central and satellite assem-
bly biases, and we constrain the level of galaxy assembly bias
in the local Universe observed by the Sloan Digital Sky Sur-
vey (SDSS) using a novel combination of one and two-point
statistics.

Observationally, many studies have attempted to detect
galaxy assembly bias directly from SDSS, but the results so
far are inconclusive or even in contradiction with one an-
other. Using the SDSS Main Galaxy Sample, Zentner et al.
[40] constrained galaxy assembly bias by fitting the galaxy
clustering of different volume-limited galaxy samples with
the galaxy assembly bias prescription of Hearin et al. [41].
They found that the M, < —20 sample favors non-zero central
assembly bias at roughly the 30 level, while the M,< — 19
sample favors non-zero satellite assembly bias at a weaker
level. Focusing on the central galaxies of SDSS groups [42],
Lin et al. [43] found little difference between the large-scale
clustering of early and late-forming central galaxies that re-
side in haloes of the same weak lensing mass (but see ref.
[44]). However, applying a similar detection philosophy to
the more massive luminous red galaxy sample in the SDSS-
IIT Baryon Oscillation Spectroscopic Survey (BOSS, [45]),
Niemiec et al. [46] claimed that the galaxies exhibit signif-
icant large-scale clustering discrepancies when divided into
two subsamples based on stellar age [47].

Aside from galaxy clustering, the observed large-scale
correlation of galaxy colours” (ak.a “galactic confor-
mity” [49]) had been regarded as potential evidence of galaxy
assembly bias [50]. However, Zu and Mandelbaum [51]
found that the HOD framework of ref. [15] can successfully

1) For the small scale counterpart to this effect see ref. [48].
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explain the large-scale galactic conformity phenomenon, by
combining the environmental dependence of the halo mass
function [52-55] and the halo mass quenching model [56],
without any need for galaxy assembly bias. Other stud-
ies have reached similar conclusions with different methods
[57-59]. Furthermore, Alam et al. [60] studied the depen-
dence of galaxy clustering on density and geometric envi-
ronment within SDSS. They found that the same HOD+halo
quenching model can also reproduce the colour-dependent
clustering of galaxies selected by large-scale overdensity as
well as tidal anisotropy, which N-body studies show to be
one of the most important drivers of halo assembly bias [61].
Therefore, any galaxy assembly bias effect appears to be
weak in comparison to the environmental dependence of the
halo mass function, which can be fully accounted for in the
standard HOD.

Since the SDSS Main Galaxy Sample probes a relatively
small volume (~(650 A~'Mpc)?; [62]) with a significant pres-
ence of cosmic variance in the large-scale structures [63], at
least some of the inconsistencies among various detection
results may arise from the fact that the cosmic variance in
the halo clustering could be misinterpreted as evidence for
galaxy assembly bias. In this paper, we mitigate such con-
fusion by utilizing ELUCID, a state-of-the-art constrained
simulation that accurately reconstructs the initial density per-
turbations of the SDSS volume. ELUCID provides a high-
fidelity input halo catalogue that faithfully reproduces the
large-scale environment of each individual halo in SDSS,
effectively removing the impact of cosmic variance on our
analysis.

Despite the lack of strong observational evidence of
galaxy assembly bias, a wide variety of models have been
proposed to extend traditional methods of galaxy-halo con-
nection to allow different forms of its existence, from the
“age-matching model” that introduced maximum correla-
tion between galaxy colours and halo formation time [64],
to the modifications to subhalo abundance matching pro-
posed by Contreras et al. [65], to various proposed modifi-
cations to the HOD that introduce a secondary dependence
of the occupation on a halo internal property at fixed halo
mass [41, 66]. Alternatively, many studies have looked for
insights on galaxy assembly bias from hydrodynamic sim-
ulations and semi-analytic models, but its behavior differs
among models depending on the exact details of the galaxy
formation recipe [67-76]. Instead of choosing a specific halo
internal property as our proxy for galaxy assembly bias, fol-
lowing Wibking et al. [77], we adopt a more general/agnostic
approach by parameterising central and satellite assembly bi-
ases as the variation of their halo occupation with the dark
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matter overdensity defined within a radius of 8.0 A~! Mpc
(see also refs. [76,78,79)).

To further enhance our constraining power, in addition
to the commonly used galaxy two-point correlation function
w,(r,), we also include the probability density distribution
of large-scale galaxy number counts p(Ng ). Wang et al. [80]
showed that the combination of one and two-point galaxy
statistics can greatly improve on constraints from two-point
statistics alone. Therefore, we anticipate that by combining
correlation functions with galaxy observables that incorpo-
rate the one-point large-scale galaxy number count Ng we can
produce more stringent constraints on galaxy assembly bias.
Inspired by Abbas and Sheth [81], we also employ the galaxy
number count dependent correlation functions wp(rplNg ), in
hopes of extracting overdensity-dependent HODs in an anal-
ogous fashion to deriving global HOD parameters from the
overall galaxy clustering.

The paper is organised as follows. In the next section we
describe the data and simulations we use. In particular, sect.
2.1 describes the SDSS-DR?7 stellar mass limited galaxy cat-
alog, while sect. 2.2 describes the Bolshoi and ELUCID
simulations and the methods of halo identification applied to
both simulations to produce halo catalogs. Sect. 3 provides
a detailed description of our HOD modelling methodology,
including our extensions to the HOD to model galaxy assem-
bly bias. Sect. 4 describes the galaxy clustering statistics we
utilize in our analysis. Sect. 5 details the methods of our
Markov chain Monte Carlo (MCMC) analysis. We present
the results of fitting our data vectors to mock galaxy catalogs
and SDSS data in sects. 6 and 7 respectively. We summarize
our results in sect. 8.

2 Data and simulations

2.1 SDSS main galaxy sample

We make use of the final data release of the SDSS I/II
[82], which contains the completed data set of the SDSS-
I and SDSS-II. In particular, we employ the Main Galaxy
Sample [83] data from the dr72 large-scale structure sam-
ple brightO of the “New York University Value Added Cat-
alogue” (NYU-VAGC), constructed as described in Blanton
et al. [84]. We apply the “nearest-neighbour” scheme to cor-
rect for the 7% of galaxies that are without redshifts due to
fibre collisions, and use data exclusively within the contigu-
ous area in the North Galactic Cap and regions with angular
completeness greater than 0.8.

2) https://home.strw.leidenuniv.nl/ jarle/SDSS/.
3) For a detailed description of the group finding algorithm see ref. [94].
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We employ the stellar mass estimates from the latest
MPA/JHU value added galaxy catalogue®”. The stellar
masses were estimated based on fits to the SDSS photometry
following the methods of Kauffmann et al. [85] and Salim et
al. [86], and assuming the Chabrier [87] Initial Mass Func-
tion (IMF) and the Bruzual and Charlot [88] Stellar Popula-
tion Synthesis (SPS) model.

We select all the SDSS galaxies within the redshift range
z = [0.01,0.09] and with stellar mass above M™" =
10192 p=2 M, yielding a sample of 82824 galaxies in to-
tal. Based on the stellar mass completeness limit estimated
by Zu and Mandelbaum [15], we believe this cut in red-
shift produces a galaxy sample that is roughly volume com-
plete down to M™". The volume of the resulting sample is
~(230 27! Mpc)®. Note that by extending the maximum red-
shift of our sample to 0.09, we will include the “Sloan Great
Wall” [SGW, [89]] at z ~ 0.08 in our analysis. As one of
the densest regions within the SDSS volume, galaxies in the
SGW could potentially reveal the strongest galaxy assembly
bias signal within our sample.

2.2 Simulations: ELUCID vs. Bolshoi

One of the key ingredients of our fiducial model is the con-
strained simulation ELUCID [90], which is a 500° 2~ Mpc?
cubic box containing 30723 particles with a particle mass
of 3.088 x 108 ="' M. The ELUCID cosmology is based
on the results of the WMAPS5 [91,92]: a flat Universe with
Q =0, Q0 = 0.258, Qprp = 0.742, h = 0.72, n, = 0.96,
and og = 0.80. Below we will briefly describe the ELUCID
reconstruction, and refer to Wang et al. [93] for technical de-
tails of the method.

The ELUCID simulation reconstructs the density field of
the nearby Universe using the SDSS DR7 group catalog of
Yang et al. [42]® and the Hamiltonian Markov Chain (HMC)
Monte Carlo with Particle Mesh (PM) dynamics algorithm
of Wang et al. [93]. The reconstruction was performed be-
tween z=0.01 and 0.12, where the group catalog is roughly
volume-complete above M;,=10'> h~! M. Following Wang
et al. [95], the redshift space distortions were statistically
removed to estimate the real space distances to the groups.
To reconstruct the present-day dark matter density field from
the galaxy groups, ELUCID employed a halo-domain recon-
struction method which partitions the local volume into a set
of domains such that each domain contains exactly one halo
and every point within the domain is closer to its halo than
to any other using the distance metric /R, where R), is the
virial radius of the domain halo. Subsequently, pre-computed



A. N. Salcedo, et al.

simulated halo-matter profiles are used to produce a density
profile within each domain based on the mass of the domain
halo. Finally, the HMC+PM method of Wang et al. [93] is
applied to this present-day density field to reconstruct the
initial density field at zj,; = 100, which is then evolved to
z = 0 using L-GADGET, a memory optimized version of
GADGET-2 [96].

To compare with our fiducial results from ELUCID,
we also use the publicly available Bolshoi-Planck simula-
tion [97]*, which is a 250° A~3 Mpc® cubic box with 20483
particles, each 1.350 x 108 4! M in mass. The Bolshoi-
Planck cosmology is based off of Planck 2016 [98], with
Q, =0,Q,0 =0.3071, Qpp = 0.6929, h = 0.70, n; = 0.96,
and og = 0.82. We will refer to this simulation simply as
“Bolshoi” for the rest of the paper. For both simulations, we
use the spherical overdensity halo catalogues produced by the
standard Rockstar halo finder [99]. Our halo mass is defined
so that the average density enclosed within the halo radius is
200 times the mean background density of the Universe.

Despite the slight differences in cosmology and mass res-
olution, we emphasize that the most important difference be-
tween these two simulations is the density reconstruction—
ELUCID provides a dark matter density field that faithfully
reproduces the large-scale environment of each individual
group-sized halo observed in SDSS while Bolshoi does not.
Therefore, any difference in the constraints on the galaxy-
halo connection obtained using the two simulations should
be driven primarily by cosmic variance, i.e., by the difference
between structure in the SDSS volume modeled by ELUCID
and the random realization of a periodic cube in Bolshoi. By
comparing results from Bolshoi and ELUCID we are able
to determine the extent to which cosmic variance can bias
constraints and potentially produce erroneous detections of
galaxy assembly bias.

Figure 1 illustrates the effectiveness of the ELUCID re-
construction. Each panel shows the distribution of galax-
ies color-coded by a measurement of their large-scale galaxy
number count Ng (described in detail in sect. 4.2), with red
points existing in the most dense regions and purple in the
least dense regions. The left panels show the distribution
of the SDSS galaxies in our sample, while the middle pan-
els show the distribution of mock galaxies within the SDSS-
constrained region of ELUCID (note that this volume is not
exactly the same as in data), generated using the best-fitting
parameters of our fiducial constraint. The right panels show
the distribution of Bolshoi mock galaxies populated using the
same parameters as used for ELUCID. The visual similarities
between the SDSS and ELUCID panels are striking, indicat-
ing that the ELUCID reconstruction, combined with our best-

4) https://www.cosmosim.org/cms/simulations/bolshoip/.
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fitting HOD parameters, provides a high-fidelity galaxy den-
sity field that closely mimics the SDSS observation. While
the ELUCID reconstruction is not perfect, especially in the
low density regions where few groups above M;,=10"21""M,
exist, the cosmic variance effect should be greatly reduced in
the intermediate and high-density regions where the signal-
to-noise of our measurements is the highest. In contrast,
the Bolshoi simulation exhibits a typical large-scale structure
pattern formed in ACDM, but it clearly fails to capture the
most prominent structures in SDSS (e.g., the SGW). Naively,
one might think that the Bolshoi simulation is adequate for
constraining galaxy assembly bias if the galaxy sample is cut
off at z = 0.075 to avoid the SGW. However, the strong cos-
mic variance effect cannot be mitigated by deliberately re-
moving the SGW from our analysis using Bolshoi, which
could still produce a biased constraint on galaxy assembly
bias due to the lack of high-density environments within the
data.

3 Populating simulations with galaxies

We populate simulated haloes with mock galaxies according
to an extended HOD framework. We will briefly describe
the standard HOD component in sect. 3.1 and introduce our
extension for incorporating galaxy assembly bias in sect. 3.2.

3.1 Halo occupation distribution

Following the standard practice (e.g., refs. [11,62,100,101]),
we separate galaxies into centrals and satellites, so that for a
stellar mass-threshold sample haloes have an average proba-
bility (Ncen(Mj)) of hosting a central and the mean satellite
occupation (Ng(M})) is an increasing power law in mass.
We parametrize the two mean galaxy occupation numbers of
haloes as:

(Nen(My) = 1 1+ erf(log M, — log My )} 7 )
2 OlogM
M, — My\*
(Neat(Mp)) = (Neen(Mp)) (%) , )
1

where M i, refers to the characteristic mass to host a central
(i.e., {Neen(Mp,) = 0.5)), 0109 m 1s the width of the transition
from (Nen) = 0.0 to (Neen) = 1.0, M is the normalization of
the satellite-occupation power-law, M, truncates the satellite
power-law, and « is the power-law index.

The number of centrals is sampled from a Bernoulli dis-
tribution. The number of satellites placed into an individ-
ual halo is sampled from a Poisson distribution centered on
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Figure 1 (Color online) Redshift wedges (top, Dec.<10.0°) and redshift slices (bottom, z = 0.08-0.09) in SDSS (left), ELUCID (middle), and Bolshoi (right).
Points represent the positions of galaxies, colored by their rank in the galaxy number count 1\7§ (described in sect. 4.2). The striking similarity between SDSS
and ELUCID demonstrates the efficacy of reconstruction in ELUCID, in sharp contrast with Bolshoi, which is a random realization of ACDM.

the mean satellite occupation. We place central galaxies at
the minimum of the potential of their host haloes. Satellites
are distributed according to a Navarro-Frenk-White (NFW,
[102]) shape parametrized by halo concentration cyoom =
r200m/7s and truncated at rpg, the halo radius that encloses
average density equal to 200 times the mean background den-
sity of the Universe. We measure halo concentrations di-
rectly from the simulations and include an additional param-
eter Acon, to allow for the profiles of hosted satellite galaxies
to differ from the dark matter profiles of their host haloes

gal

_ DM
Co00m = Heon. X Co00m-

3

Finally, we include the effect of redshift space distortions
in our mocks. In both ELUCID and Bolshoi we measure the
dark matter three dimensional velocity dispersion of each of
our halos opy. We assign central and satellite velocities fol-
lowing the work of Guo et al. [103]. For each central galaxy,
the velocity v, relative to that of its host halo is drawn from

an exponential distribution
e
exp )
‘/20' DM

where vy, is the relevant component of host halo velocity. For
each satellite galaxy we draw the velocity components rela-
tive to that of the host from a Gaussian distribution with dis-
persion opy. Guo et al. [103] include parameters to model

_ \/§|vcen - Vhl

0DM

“

PWeen — Vp) =

central and satellite velocity bias, but since we have found
these parameters to have very little effect on our observables
we set them to zero and unity respectively. We displace the
positions of our mock galaxies using the line-of-sight com-
ponents of the assigned velocities. In ELUCID we assume
the position of the observer is at Earth, and in Bolshoi we
adopt the z-axis as the line-of-sight direction.

3.2 Modeling galaxy assembly bias

For the purpose of our analysis, galaxy assembly bias refers
to the potential dependence of the galaxy occupation on prop-
erties other than halo mass. Properties that are often con-
sidered in the literature include internal properties like halo
formation time and concentration, but this definition does
not exclude environmental properties such as the large scale
overdensity or tidal anisotropy. When such a secondary prop-
erty exhibits a halo assembly bias signal at fixed mass, the
clustering of galaxies will be modified from the standard
HOD prediction on both small and large scales. In par-
ticular, in the absence of galaxy assembly bias, the linear
galaxy bias by(M;) at fixed halo mass M, is equal to the lin-
ear halo bias b,(M}). However, a galaxy assembly bias with
respect to halo property x will introduce some covariance be-
tween Ngq(x|M},) and b(x|M},), producing a linear galaxy bias
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bg(Mh) that is modified from b, (M},)

N, N
By (My) = > Neat(xi | Mib(xi | My) /" Nea(xi | M)
i=0 i=0
=(Ngal(x | Mp)b(x | Mp,)) [ {Ngar(Mp))
=bg(Mp) + coV(Nga, b | My) | {Nga(M},)), )

where cov(Ng,, b | M}) is the covariance between galaxy oc-
cupation Ngu(x, M) and b(x, M) at My, and (Nga(Mp)) is
the average galaxy occupation at Mj,. If we further assume
the galaxy occupation follows the Poisson distribution, which
is an accurate approximation for high-occupancy haloes, the
extra term on the right can be expressed by

Abg =b)gc(Mh) - bg(Mh)

=Pcc ob| M)/ \[(Ngal(Mh))’ (6)

where p.. and o (b | M},) are the cross-correlation coefficient
and the scatter in halo bias at M}, respectively. On small
scales, galaxy assembly bias will increase the second mo-
ment of the galaxy occupation (Néal | M) while minimally
affecting the mean occupation, thereby boosting galaxy clus-
tering in the 1-halo regime by adding more satellite-satellite
pairs [7].

It is unclear which halo internal property is most responsi-
ble for galaxy assembly bias if it exists. A variety of studies
have examined galaxy assembly bias within hydrodynamic
simulations and semi-analytic models and produced valuable
insights (e.g., refs. [67-76]), but as of yet we lack a physi-
cal and observational understanding of galaxy assembly bias.
Although halo formation time and concentration are some of
the most commonly-used secondary variables for modeling
galaxy assembly bias (e.g., refs. [40, 41, 80]), there is no
observational evidence suggesting that one variable is more
physically-motivated than another. Therefore, we will take a
more agnostic approach and look for a generic variable that
is mathematically more convenient. According to eq. (6), we
would want a variable that exhibits a very strong (anti-)cor-
relation with halo bias, i.e., [o..]| = 1. The obvious candidate
variable is the halo bias itself defined on the basis of indi-
vidual haloes, i.e., the large-scale dark matter overdensity. In
particular, we implement a modified version of the parame-
terization of Wibking et al. [77] (see also refs. [76,78,79]).
Wibking et al. [77] allow My, to vary on a halo-by-halo ba-
sis according to the large scale matter-overdensity measured
on 8 ™! Mpc scales o' This environmental dependence is
written as:

10g Minin = 10g Miyino + Qeen (87 = 0.5), ©)

where Q.., expresses the strength of the dependence of My,
on environment and 5;” € [0, 1] is the normalized rank of
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0g within a narrow mass bin. Using the rank of &g has the
advantage of being less sensitive to the particular choice of
8h! Mpc. When Q.., is positive haloes in dense environ-
ments are less likely to host centrals, and vice versa when it
is negative. The case of Q.n = 0.0 corresponds to having
no assembly bias. Similar to Xu et al. [76] we extend this
parameterization by allowing M; to also vary according to
environment:

log My = log M9 + Qu (5 - 0.5). ®)

In the top two panels of Figure 2, we illustrate the effect of
the two galaxy assembly bias parameters on the total (solid
lines), central (dashed) and satellite (dotted) halo occupa-
tions for galaxies selected by their large scale matter overden-
sity dg'. We plot the predicted occupation for Qeen=Q;:=0.0
(black lines), Qcen=Qsa:=0.5 (red) and Qeen=Q;1:=0.5 (blue),
respectively, while keeping all the other HOD parameters
fixed. The top left panel shows variations of the HOD
for galaxies in underdense environments while the top right
panel shows variations for those in overdense environments.
By design, when Qen=Qs,=0 there is no variation in HOD
for different environments. However, when Qcen=Qgu=—0.5
both M,;, and M, are increased (decreased) in underdense
(overdense) environments. This has the effect of boosting
the galaxy occupation of haloes of a given mass that are in
overdense environments. When Q..,=Qs,=0.5 we observe
the opposite behavior, with both M,;, and M, decreased (in-
creased) in underdense (overdense environments).

4 Observables

4.1 Galaxy clustering

We compute the projected galaxy correlation functions w, by
integrating the real-space correlation function along the line
of sight

Tinax
wy(rp) =2 &(rp, mydr, ©)
where r, and 7 are the projected pair separation and the
line-of-sight distance, respectively, and ¢ is the real-space
isotropic correlation function. We compute ¢ with the Nat-
ural estimator

DD(r)

&) = RRG) "

(10)

where DD(r) and RR(r) are the number of galaxy-galaxy
and random-random pairs with pair separation r, respec-
tively. When computing w, in the ELUCID and SDSS
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Figure 2

(Color online) Top panels: HODs of galaxies in the bottom (5;”<O.20, left) and top (5§">0.80, right) quintiles of matter overdensity rank &7, for

three galaxy assembly bias models with Qcen=Qsat=0.0 (black), Qcen=Qsar= — 0.5 (red), and Qcen=Qsa=0.5 (blue), respectively. In both panels we show the
total HOD (solid) along with central (dashed) and satellite (dotted) contributions. Bottom panels: projected cross-correlation functions of the bottom (left) and
top (right) galaxy quintiles of the galaxy number count rank 1\7§ (described in sect. 4.2) with the global galaxy sample for the three models of galaxy assembly
bias. In the bottom left panel the dashed lines correspond to negative values of the correlation function. Additionally we show the PDF of Ng in the inset of the

bottom left panel for the three models.

volumes we compute the random-random term using ran-
dom catalogs constructed with the same geometry as ELU-
CID and SDSS respectively. When computing w), in Bol-
shoi we analytically compute the random-random term as
RR=27T]'Imax(r§’max —r; i)V ; / Lg )

We choose to set the integration limit I, = 30 ht Mpc.
This value is chosen to balance the need to have a large
enough Il to mitigate the uncertainties in our modelling
of the redshift-space distortions and to suppress noise aris-
ing from uncorrelated structure along the line of sight. We
calculate £(7, ) using corRFUNC [104] in 20 logarithmically-
spaced bins from 7 min=0.3 A~! Mpc t0 7 max=30.0 A~ Mpc
and in 1.0 ~~! Mpc-wide bins in 7, respectively.

4.2 Galaxy number counts

To enhance the constraining power of our HOD model with
ELUCID, we supplement the two-point galaxy statistic w,
with a one-point statistic—the probability density distribu-

tion (PDF) of galaxy number counts measured on 8 2~ Mpc
scales around each galaxy Ng . When computing Ng for
galaxies in the SDSS-constrained volume of ELUCID we in-
clude neighbour galaxies outside of the SDSS-constrained
volume. Although this technically means our measure-
ment of Ng in ELUCID includes contributions from non-
constrained regions, the number of galaxies affected is small.

Motivated by the results of Abbas and Sheth [81] and
Alam et al. [60], we use the quantity Ng to define count-
selected subsamples of galaxies and compute their clustering
statistics. Specifically, we divide our galaxies into quintiles
of Ng and compute their projected cross-correlation functions
with the global sample. We denote these correlation func-
tions as w,(r,|NS"), where N¥' refers to the i-th quintile se-
lected by Ng . In addition to the global clustering w, and
the probability distribution of galaxy overdensity p(Ng ), we
use these count-selected quintile cross-correlation functions
to constrain assembly bias. We anticipate that the cluster-
ing of the most extreme over/underdense regions should be
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particularly sensitive to galaxy assembly bias because it is
in those regions that the HOD is most significantly modified
from the standard form if galaxy assembly bias exists (see
egs. (7) and (8)).

4.3 Impact of galaxy assembly bias on observables

The bottom two panels of Figure 2 illustrate the effects of
the galaxy assembly bias parameters on our observables.
The bottom left panel shows the variation among the cross-
correlation functions between the global sample and the bot-
tom 20% of galaxies selected by Ng as predicted by the three
galaxy assembly bias models shown in the top left panel.
Similarly, the bottom right panel shows the cross-correlation
variation for the top 20% of galaxies selected by N%, with
their HODs shown in the top right panel. In both sets
of panels, black lines show results for Quen=Qs=0.0 (i.e.,
zero galaxy assembly bias), red lines show results for
Qeen=Q=—0.5, and blue lines for Q.en=Q=0.5. In each
case we keep all other HOD parameters fixed. Note that these
variations in Q.e, and Qg are exaggerated compared to the
values allowed by the data for illustrative purposes. We also
show the effects of assembly bias on the PDF of galaxy num-
ber count p(Ng ) in the inset of the bottom left panel.

For the galaxies in the bottom quintile of N¢, the correla-
tion functions are negative at large scales and we plot the
amplitude of these negative values with dashed lines. On
small scales, the cross-correlation effectively measures the
1-halo term of the typical host halo. For the Qcen=Qsy=0.5
case, the galaxies on average live in haloes of much lower
mass than those in the Qeen=Qsa=—0.5 case, producing a sig-
nificantly lower clustering on scales below 3 ~! Mpc. On
large scales, the Q en =R =0.5 case exhibits a stronger cross-
correlation (i.e., less negative). This is consistent with the in-
set panel where the average Ng’ of the bottom quintile in the
Qeen=Q:=0.5 case is higher than the other two, because the
model places more galaxies in low-density regions.

The effects of Q. and Qg on the clustering of the highest
galaxy quintile selected by Ng are shown in the bottom right
panel of Figure 2. In the case of Qeen=Qsu=—0.5, the cluster-
ing of galaxies in the top Ng -quintile is boosted at all scales.
At large scales this is because the occupation of haloes in
overdense environments has been boosted. On small scales,
since haloes that host galaxies in high—Ng environments are
generally more massive, and the number of satellite pairs at
fixed halo mass is higher compared to the zero-assembly-bias
mock, the galaxy clustering is also strongly boosted. For
the Qeen=Q;=0.5 galaxies, the clustering signal decreases
at all scales relative to Q.en=Q,=0.0. However, the differ-
ence is the least significant at the smallest scales of r,,. This
is because at these small scales the effect of positive Qgy
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on (NéallM » also acts to boost the number of satellite pairs,
which compensates for the impact from having a lower av-
erage halo occupation in dense regions. At large scales the
clustering is influenced only by the latter effect, and therefore
the effect of setting Qy,=Qe,=0.5 is opposite in sign to that
of setting Qg =Qcen=—0.5, albeit with similar amplitude.

Galaxy assembly bias also modifies the relative fraction
of the low vs. high overdensity environments, by shifting the
galaxy population into halos in low or high density regions.
The inset of the bottom left panel of Figure 2 shows such ef-
fects on the PDF of Ng from setting non-zero values of Qe
and Q. When Qe =Qs,=—0.5 the PDF is broadened with
the density increasing at large values of Ng relative to the
PDF for Q.en=Qs,:=0.0. This increase is driven by the fact
that negative values of Q.. and Qg cause highly clustered
haloes to have higher occupations which increases the over-
all values of Ng. This effect is mitigated however by the fact
that the PDF has an explicit integral constraint. The effect of
setting Qcen=Qs5=0.5 on the halo occupation is the opposite,
causing less clustered haloes to have higher occupations for
their mass. This causes the PDF to narrow and decreases the
number of galaxies with high Ng .

To summarize, Figure 2 demonstrates that, in the absence
of other systematic uncertainties, the combination of the PDF
of N§ and the cross-correlation functions of galaxies selected
by Ng is a very sensitive probe of galaxy assembly bias.
Any deviation of Q. and Qg from zero will generate co-
herent variation in the HOD between high and low density
regions of the Universe. This galaxy assembly bias effect
in the HOD, coupled with the environmental modulation of
the halo mass function, produces a unique set of phenomena
in the overdensity distribution and density-dependent cross-
correlation functions that can potentially be detected within
the SDSS data.

4.4 Distinguishing cosmic variance and galaxy assembly
bias

Cosmic variance can also significantly affect the measure-
ments of one and two-point statistics in the SDSS volume, in-
cluding the stellar mass function [63] and the two-point cor-
relation function of the faint red galaxies [105]. Therefore, a
slight tendency of SDSS galaxies to reside in high (low) den-
sity regions due to cosmic variance could be misinterpreted
as evidence for negative (positive) values of Qce, and Qgy;-
To mitigate the confusion due to cosmic variance, we uti-
lize the ELUCID constrained simulation as an input to our
fiducial HOD analysis. As shown in Figure 1, ELUCID re-
produces most of the specific structure observed in the local
SDSS volume, in sharp contrast with the Bolshoi simulation
that does not. Because Bolshoi and ELUCID have reason-
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ably similar cosmologies this difference is primarily driven
by cosmic variance. It is possible for this cosmic variance to
bias constraints on assembly bias (or other HOD parameters)
obtained from fitting our galaxy observables. This is par-
ticularly the case for the Ng -selected correlation functions,
because they are very sensitive to the extremely low or high-
density structures. For example, Zehavi et al. [62] identified
that the Sloan Great Wall is the most significant cosmic vari-
ance effect on their measurements of the global w,, and we
thus expect a much stronger impact on the w), of galaxies in
the top quintile of N§.

Figure 3 shows a more quantitative comparison of the cos-
mic variance and galaxy assembly bias effects on the five
Ng -selected correlation functions. Circles with errorbars are
the measurements from a mock galaxy sample constructed
using ELUCID without galaxy assembly bias. Using this
measurement as our mock observables, we derive constraints
Qeen=—0.15*09¢ and Qy,=0.18*)'|] with our extended HOD
model using the Bolshoi simulation. The solid lines are
the predictions from the best-fitting model with Q.e,=—0.15
and Q,=0.18. As a consistency check, dotted lines indi-
cate the prediction from the best-fitting HOD model that uses

103 -
— Bolshoi with AB, y*=82.10 @ Mock N§=[0.0,0.2)
[ % -= ELUCID with AB, y*=49.09 @ Mock N{=[0.2,0.4)
N « ELUCID without AB, x*=11.95@  Mock NZ=[0.4,0.6)
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Figure 3 (Color online) Impact of cosmic variance on the projected cross-
correlation functions between mock galaxies in number count Ng quintiles
and the global galaxy sample. Circles with errorbars show the measurements
from an ELUCID galaxy mock built without galaxy assembly bias, while
dotted lines show the results of a consistency test of fitting to this ELUCID
galaxy mock using ELUCID halos (y?>=11.95). Solid lines show the pre-
dictions from the best-fitting HOD model inferred from fitting to the mock
data (circles) using Bolshoi halos, which results in a false detection of galaxy
assembly bias with Qeen=—0.15 and Q4=0.18. Dashed lines show the re-
sults of directly applying the same HOD with non-zero values of Q. and
Qe to ELUCID halos without any fitting. The false detection, along with
the significant improvement in the goodness of fit from the solid (y>=82.10)
to the dashed lines (y2=49.09), illustrates the vital importance of mitigating
cosmic variance when constraining galaxy assembly bias.
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ELUCID haloes as input (a fit that favors no assembly bias
by recovering the true values of Q.en=Qs,=0.0). Clearly,
the Bolshoi best-fit does a very poor job describing the w),
of galaxies in the top (red) and bottom (purple) quintiles,
largely due to cosmic variance between Bolshoi and ELU-
CID. However, once we apply the Bolshoi best-fit as is di-
rectly to the ELUCID haloes, the predictions, indicated by
the dashed lines, provide a reasonably good description of
the data points without any fitting. The significant reduction
of x? from 82.10 to 49.09 suggests that the cosmic variance
effect is the main hurdle to obtaining a satisfactory goodness
of fit for the HOD model, especially for galaxies in the high-
est density regions. Because of cosmic variance, the Bolshoi
fit spuriously favors a non-zero value of Q.e, at 2.50" signif-
icance, and even with the freedom allowed by assembly bias
it cannot achieve a good match to the data. The ELUCID
mock with incorrect parameters reproduces the data better
but is nonetheless distinguishable at high significance from
the correct model.

One can argue that instead of describing the Bolshoi fit
results as biased, we should simply say that our observa-
tional errors are under-estimated. To overcome such short-
coming, we can either compute the covariance matrix from
a large number of simulations with different initial condi-
tions, or base our analysis on a constrained simulation like
ELUCID that faithfully reproduces the large-scale structure
in the SDSS volume. However, the former approach is com-
putationally prohibitive, while the latter approach, which we
adopt in this paper, has the added benefit that we can esti-
mate the covariance matrix via jackknife re-sampling of the
data (see Appendix Al), as is commonly done by similar
analyses in the literature, whether it be HOD modelling or
detecting galaxy assembly bias.

5 Gaussian likelihood model

In both our mock tests and our data constraints we consider
four different combinatorial data vectors.

(1) The combination of projected galaxy two-point func-
tion and galaxy number density {w,(r,), n,}.

(2) The combination of projected galaxy two-point func-
tion, PDF of galaxy overdensity, and galaxy number density
{W[,(V,,), P(Ng), ng}~

(3) The cross-correlation functions between galaxies in
quintiles of Ng and the global sample, and the galaxy number
density {w,(rpIN5"iz1-5, mg}.

(4) The cross-correlation functions between galaxies
in quintiles of Ng and the global sample, the PDF
of galaxy overdensity, and the galaxy number density
{wp(rplﬁg’i)li:1-5, p(NS),ng}. This is our fiducial data vector.
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To constrain HOD and galaxy assembly bias parameters
we fit to these four data vectors measured from either SDSS
galaxies or mock galaxies constructed using ELUCID haloes.
In each case we use the appropriate covariance matrix de-
scribed in Appendix Al and assume 5% Gaussian errors on
ng, uncorrelated with errors in other observables. We assume
a Gaussian likelihood model, £ o e **/2, where

2_M+ZAD <[C_l] AD(x;) 11
T 005X T 4 () | €], AD0): b

where C~! is the inverse covariance matrix and
AD(x)=D™K(x,) — D(x;) is the difference between mock
and measured data vector D. We measure w,, and
wp(rp|]V§"i)|i=1_5 in 20 logarithmically spaced bins from 0.3 to
30.0 = Mpc with TT;=30.0 27! Mpc. We measure p(Ng)
in 20 linearly spaced bins from N§=0.0 to N§=160.0. When
measuring any of our data vectors in ELUCID we only use
galaxies within the SDSS constrained volume and within
redshift range 0.01<z<0.09. This choice is made to match to
the volume of our SDSS data sample. When using Bolshoi
we use the entire volume of the cubic box.

We infer posterior parameter distributions for our model
parameters by performing Markov Chain Monte Carlo
(MCMC) sampling using the parallel affine-invariant ensem-
ble sampler of Goodman and Weare [106] implemented in
the EMceg python module [107]. In all cases we use 1000
walkers and remove the first 103 burn-in samples.

We have found that the parameter M has negligible effect
on all of our observables and is poorly constrained; we there-
fore fix log My=11.40 in all cases. We also adopt a Gaussian
prior on Ay, centered at Aop, =0.86 with standard deviation
0.12. This prior is motivated by the results of Zu et al. [108]
who applied an HOD analysis to the clustering and lensing
data for the same SDSS-DR7 catalog that we use. For all
other parameters we adopt uniform priors listed in Table 1.

Table 1 Parameter priors used in our likelihood analysis and input values
of HOD parameters to our two ELUCID galaxy mocks, one built without
galaxy assembly bias (Mock A) and the other with strong galaxy assembly
bias (Mock B)

Parameter Prior Mock A Mock B
Tlog M [0.01,0.80] 0.20 0.20
log Mpmin [11.0,12.5] 11.95 11.95
log M, [12.0,13.5] 13.15 13.15

a [0.6,2.0] 1.0 1.0

Acon. N(0.86,0.122) 0.86 0.86
Qcen [-2.0,2.0] 0.0 -0.5
Qsat [-2.0,2.0] 0.0 +0.5
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In all such cases our priors are non-informative. Although
our galaxy assembly bias parameters can technically assume
values in the range (—oo, o0) the priors we impose upon them
are non-informative and cover all physically plausible values
of the two parameters>.

6 Model tests using ELUCID mock galaxies

Before analysing data from SDSS, we perform a variety of
mock tests that will be described below. In addition to allow-
ing us to confirm the robustness of our method, these mock
tests compare the relative precision of different data vectors,
and investigate the level of systematic bias in parameter es-
timation due to cosmic variance. The values of the HOD
parameters used to populate the two mocks, one with zero
and the other with strong galaxy assembly bias, are listed in
Table 1.

We select the values of input HOD parameters for our
mock with no galaxy assembly bias (Mock A) that produce
reasonably good agreement with our observables measured
in SDSS, and only change the values of Q.., and Qg,c while
keeping the other parameters fixed for our mock with strong
galaxy assembly bias (Mock B). In what follows we will refer
to our HOD analysis as “fitting ELUCID or Bolshoi haloes to
ELUCID or SDSS galaxies”. By this we mean that we pop-
ulate ELUCID or Bolshoi haloes with our HOD prescription
to compute model likelihoods to fit to data vectors calculated
using either ELUCID mock galaxies or SDSS galaxies. For
each of the four data vectors, we perform four separate mock
tests, two by fitting ELUCID haloes to ELUCID mock galax-
ies constructed with and without galaxy assembly bias, and
the other two by fitting Bolshoi haloes to the same ELUCID
mock galaxies. The results of our 16 mock constraints from
this section are listed in Table 2 using Mock A and Table 3
using Mock B; values quoted correspond to parameter poste-
rior modes and 68% confidence intervals. The results of an
analogous set of tests for Mock B, but with the values of Qe
and Qs kept fixed to zero, can be found in Appendix A2.

6.1 The {w,(r,), n,} data vector

All the standard HOD parameters listed in Tables 2 and 3
are correctly recovered in all four cases, albeit sometimes
with large uncertainties (especially orogp) or dominated by
priors (e.g., Acon.). In each case, the constraint is statistics-
limited, so that the cosmic variance between ELUCID and
Bolshoi is not discernible in either the goodness of fit or the

5) A value of |Qcen|=2.0, for instance, would mean that the effective value of Mp,;, could vary by an entire order of magnitude at fixed mass based on large

scale overdensity.
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Table 2  Posterior constraints of model parameters from the ELUCID mock with no galaxy assembly bias. The column “Haloes” refers to the simulation used
to compute the likelihood. Values quoted are posterior modes with 68% confidence intervals. The value of x2/d.o.f is calculated from the mean of the posterior

samples. Input values are listed in the last row

Data vector Haloes Olog M log Mmin log M a Qcen Qsat Acon. ¥2/dof
{Wp(rp).ng} ELUCID 0347039 12.00%42  13.197017  097:21%  -0.01%022  -0.04*070 085712 201/14
{wp(rp), ng) Bolshoi ~ 0.38%039 11997042 13.097031  0.88*)10  -0.05703)  -059*)4% 0857012  7.33/14
{Wp(rp), p(N), ng) ELUCID 0207093 11.95*003  13.14%095 096205 0007206 0.01%0% 08109  6.68/34
{wp(rp), p(N), ng) Bolshoi ~ 0.1970%%  11.897003  13.11*507 099707 0.047057  —0.20701)  0.83*)13  44.92/34
(wp(rp NG liz1-5 mg) ELUCID  0.1770%0  11.94*303  13.147006 098005 —0.02*09¢  0.03*0}2  083*10  11.96/94
Wp(rplN§ iz1-5. ng) Bolshoi  0.20%019  11.94700%  13.01*508  0.89%09t  —0.157006  0.187017 0797019 81.48/94
(wp(rpNgli=15, P(NG) mg} - BLUCID 0207065 11.9S!00%  13.15X001 0962060 0.00%0%  0.01:0F 0807550 18.72/114
wp(rplN§ iz1-5, p(N§).ng)  Bolshoi ~ 0.19%09%  11.92*002  13.09*00¢  0.96700¢  0.027003  —-0.06701)  0.79*0%  120.53/114
Input value - 0.20 11.95 13.15 1.0 0.0 0.0 0.86 -
Table 3 Similar to Table 2 but for the mock with significant level of galaxy assembly bias
Data vector Haloes Tlog M log Mmin log M a Qcen Qsat Acon. ¥?/d.of
{wp(rp), ng) ELUCID 0327030 12007037  13.18%017  097:)1)  -0.5870%  0.6770%t 0867012 1.23/14
{(Wp(rp).mg) Bolshoi ~ 045703% 12017015 13.05701%  09170])  -051%032  -0.03*043 086%)13  7.07/14
{Wp(rp), p(N), ng) ELUCID 0207097 11.96*30%  13.147097 0977206 —050%093 0507098  0.82*012  3.53/34
{wp(rp), p(Ng), ng) Bolshoi  0.13*00% 11907003 12917010 0.88*0% 0267098 0017017 0857017 33.34/34
(wp(rp NG liz1-5mg) ELUCID  0.17+01  11.94*303 13,1209 0997005 —0.51%096  050%018  0.88*011  11.53/94
Wp(rplNliz1-5,ng) Bolshoi 020709  11.93720¢  13.01#507 0927004 -050*507  041*331 081013 72.73/9%4
Wp(rplN§iz1-5, p(N§ ). mg) - ELUCID 0207000 11957002 13.15%007 0987001 —050*003  050*003 0813008 14.71/114
Wp(rplN§ Vi=1-5. P(N§),ng) ~ Bolshoi  0.187006  11.91*303 12967096 092700 —0.37+595  0.17*317  0.76'312  109.19/114
Input value - 0.20 11.95 13.15 1.0 -0.50 0.50 0.86 -

size of the uncertainties. For all four cases, the marginalized
1D constraints on @, and Qg are consistent with the input,
but the very large uncertainties render the constraint largely
useless.

The marginalized 2D joint constraints in the Qe vs. Qgyt
plane are highlighted in Figure 4 as yellow contours in each
panel. A strong degeneracy of anti-correlation between the
two parameters emerges in the 2D constraints, and in the
Bolshoi case the degeneracy drives a ~1.50 deviation from
the true values of Qg and Q., (black circle and star in the
top and bottom panels, respectively). The degeneracy track
is unsurprising, as a change in Q.., can always be partially
compensated by a change of Qg of the opposite sign. The
deviation, however, is either a result of the slight difference
in cosmology or of cosmic variance. We consider it unlikely
that this difference is caused by cosmology for two reasons.
Firstly, the actual difference in cosmological parameters be-
tween the two simulations is reasonably small (e.g., 03=0.80
vs. 0.82) relative to the expected sensitivity of w, on these
parameters®. Secondly, if the discrepancy were attributable
to cosmology we would expect that our other HOD param-
eters would be similarly affected if not more so. Unlike our
four traditional HOD parameters, both Q e, and Qg act to de-

6) See, for example, Figure 4 of ref. [79].

couple the one and two-halo scales, and they also introduce a
unique scale dependence to the correlation function. There-
fore, we believe that any discrepancy between the ELUCID
and Bolshoi constraints is primarily driven by the cosmic
variance as observed in Figure 1.

Overall, we find that {w,(r,), ng} is not very effective at
constraining galaxy assembly bias for an SDSS-like sample,
but it provides the baseline constraints that we will compare
to when examining the constraints from more advanced data
vectors below.

6.2 The {w,(r,), p(Ng), ng} data vector

We now turn to mock tests performed with the
{wp(rp), p(N§), ng} data vector. Compared to the {w,(r,), ng}
tests, adding p(Ng ) produces drastically improved the preci-
sion of the constraints. Our constraint on ojeg p has sharp-
ened to 25%, an improvement of a factor of five. Similarly
the constraints on the parameters log My, and log M; have
sharpened considerably by a factor of about three, while the
constraint on « has also improved by a factor of 2-3.
Focusing on our galaxy assembly bias parameters Qe,

and Qqy, Figure 4 shows their constraints in green contours
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(Color online) Posterior constraints on Qcen and Qg from fitting either ELUCID (left) or Bolshoi (right) haloes to the ELUCID mock

with (bottom) or without (top) assembly bias. In each panel, we show the 68% and 95% confidence regions derived from using the {w,(r}), ng} (yellow),
{wp(rp), p(&‘g), ng} (green), {wp(rPIRfs)I,'= 1-5,1g} (blue), and {wp(r,,lRfs)li= 1-5, p(zig), ng} (red) data vectors, respectively. The black circle marks Qcen=Qsa=0.0,
while the black star marks the input values for populating the ELUCID galaxy mock with strong galaxy assembly bias. Red shading highlights our fiducial

choice of data vector.

in each panel. The {w,(r,), p(Ng),ng} data vector also sig-
nificantly improves the precision of the constraints in all
cases, but the inclusion of p(Ng) tends to shift the con-
straints towards the high-Q..,,, low-Q, direction in the Bol-
shoi fits (right panels). For Mock A with zero galaxy assem-
bly bias, the 2D joint constraint is still consistent with the
input at ~10 (top right panel), but the shift produces a much
stronger bias (>207) for Mock B when the input is far from
Qsut = Qcen = 0 (bottom right panel). In the two left panels
when ELUCID haloes are used, the {w,(r,), p(Nj), ng} data
vector yields constraints that are not only tightened but also
stay unbiased.

Therefore, despite the difference of detail between p(Ng )
and the count-in-cell statistics used by Wang et al. [80], we
confirm their finding that by combining one and two-point
statistics one can obtain an improved constraint on galaxy
assembly bias, but with the caveat that the impact of cosmic
variance is greatly mitigated.

6.3 The {wp(rplﬁg’i)liﬂ-s, n,} data vector

Next we examine mock tests performed with the
{wp(rplﬁg’i)|i=1-5,ng} data vector. Overall, the 1D constraints
on the standard HOD parameters are very similar compared
to those using {w,(r)), p(Ng), ne}, suggesting that the con-
straining power on the global HOD is comparable between
wp(rp) + p(N§) and wp(rplﬁg’i)lizl-S. This is unsurprising
because the combination of five count-dependent correlation
functions should contain all the information encoded in the
global w,(r,) and some of the key information on the shape
of the galaxy number count distribution.

In the left panels of Figure 4, the constraints derived using
{wp(rplﬁg’i)lizl_s, n,} (blue contours) also exhibit similar lev-
els of accuracy compared to those using {w,(r,), p(Ng ), g}
(green contours), with the input values of Q.., and Qqy
correctly recovered regardless of having zero (top left) or
strong (bottom left) galaxy assembly bias. When the Bolshoi
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haloes are used (right panels), however, the constraints using
Wy (rp NE)izi-5, 1y shift to the low-Qen, high-Qu regime, in
the opposite direction compared to the shift caused by in-
cluding p(Ng) (green contours). This shift produces a ~20
bias in the Q.en-Qsa¢ plane when there is no galaxy assembly
bias (top right), but stays within 1o when the galaxy assem-
bly bias is strong (bottom right).

Combining the test results from using {w,,(rp),p(Ng), ng}
(green contours) and {w,(r,|N§")i=1-s,n,} (blue contours),
we find that although each data vector can produce biased
constraints at the 20~ level in the presence of strong cosmic
variance, p(N§) and w,,(rplﬁg’i)li:]_s shift the constraint in the
opposite direction with each other. This behavior indicates
that the galaxy assembly bias information present in the two
observables is relatively independent, and by combining the
two (i.e. our fiducial data vector below) we can potentially
break some of the degeneracy between galaxy assembly bias
and cosmic variance.

6.4 The {wp(rpllvg’i)liﬂ-s,p(Né"), n,} data vector

Finally, we examine the mock tests performed with
W (rpINElizi-s, P(NE), ng}, the input data vector that will
be adopted for our fiducial constraint when analysing the
SDSS data. In general, the constraints on the standard
HOD parameters are marginally improved compared to the
{w,,(r,,lg‘g’i)|i:1-5,ng} case, except for oegp, for which the
constraint improves by about a factor of two.

More important, this data vector provides more robust
constraints on the galaxy assembly bias parameters. For
the ELUCID fit to Mock A (top left), the derived constraint
is chn=—0.00f8:82 and Qsatzo.oug;g;, in excellent agree-
ment with the input values. For the Bolshoi fit to Mock
A (top right), adding p(Ng") brings the constraints signifi-
cantly closer to the input values compared to the large dis-
crepancy observed when only {wp(rplﬁg’i)|i=1_5,ng} is used,

from chn=—0.15”_’8:82 and Qsat=0.18f8:}g, a 20 deviation in
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within 1o deviation). This improvement is reassuring—the
residual cosmic variance between ELUCID and SDSS should
be much smaller than that between Bolshoi and ELUCID, so
we expect the amount of bias in our constraints on Q., and
Q¢ to be significantly smaller than the statistical uncertain-
ties. Meanwhile, the fits to Mock B exhibit similar results,
except that the deviation increases in the Bolshoi fit (bottom
right) but still within 20.

To summarize, through a variety of mock tests with ELU-
CID and Bolshoi haloes, we find that our galaxy assem-
bly bias constrajnts from the {w,(r)), ng}, {w,(r},), p(Ng"), g},
and {w,(rp|Ng")i=1-s, ng} data vectors are sensitive to the
impact of cosmic variance. In contrast, the constraints
from the {w,,(r,,|N§’i)|i:1-5, p(N§), ng} data vector are largely
unbiased, despite the strong level of cosmic variance be-
tween ELUCID and Bolshoi. Among the four data vectors,
{wp(rpllvg’i)h:l-s,p(Nég), ng} also produces the most strin-
gent constraints on the galaxy assembly bias parameters.
Therefore, for our analysis of the real data, we will apply
our extended HOD model to the ELUCID simulation to fit
the {wp(rplﬁg’i)li:1_5,p(Ng),ng} data vector measured from
SDSS as our fiducial analysis.

7 Galaxy assembly bias constraint from SDSS

Informed by the extensive mock tests conducted in sect. 6,
we conclude that the {wp(rplﬁg’[)li=1_5,p(Ng), ng} data vec-
tor is the optimal choice for the input measurements to our
fiducial constraint. We nonetheless fit ELUCID and Bolshoi
haloes to the SDSS data using all four data vectors listed in
sect. 5. We summarize the results of the 1D constraints in
Table 4 and show the 2D constraints for all the parameter
pairs in Figure 5, respectively. Overall, the constraints de-
rived from the SDSS galaxies are very similar to those in the
mock tests from the ELUCID mock galaxies, in terms of both
the precision using each data vector and the trends with data

this 2D space, t0 Qeen=0.02*00% and Qu=—0.06")19 (i.e.,

-0.12

vectors/simulations.

Table 4 Posterior constraints of model parameters from the SDSS data. The column “Haloes” refers to the simulation used to compute the likelihood. Values
quoted are posterior modes with 68% confidence intervals. The value of y?/d.o.f is calculated from the mean of the posterior samples

Data vector Haloes Tlog M log Mmin log M a Qcen Qsat Acon. )(2 /d.o.f
0.24 0.11 0.12 0.09 0.26 0.49 0.12

{wp(rp), ng} ELUCID 039733  11.99*340  13.287012  1.09*005 0067025 0407040 0817012 14.23/14

{wp(rp), ng) Bolshoi 0307038 11927000 13.247017  1.10*948  —0.08703%  —025*075 0857012 13.75/14

{Wp(rp), p(N§), ng) ELUCID  0.54*3)3  12.08*507  13.19%097  1.047007  —0.17*098  0.08*315 0747319 46.48/34

{Wp(rp), pP(N§), ng} Bolshoi 022709  11.957203  13.13*006 1027098 —0.11#506  —0.297011  0.78*010  41.13/34

wp(rpNEiz1-5. 1) ELUCID 0207003 11.95*003  13.15709% 1017003 -0.047007 0257013 07700  76.28/94
(9p(rplNg Dlizi-5. 1) Bolshoi ~ 0.19*006  11.977093  1307:305  0.93%09 016720 0297213 0.7470%  15231/94
wp(rpNgli=15, (NG mg} - BLUCID - 027:0qc 12021007 13182008 1.O2I06  —0.09%668  0.09%0;3  0761¢55  125.11/114
wp(rplN§izi-5, p(N§).ng)  Bolshoi 0207003 11.98*002  13.12*007  0.99700F  —0.11*050  —0.027008 077007 167.22/114
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Figure 5 (Color online) Posterior constraints from our MCMC analysis of the SDSS data, derived from {w,(rp), p(ng ).ng} (green),

{wp(rpl ]ng" )i=1-5. g} (blue), and our fiducial data vector {w(rp| Ng,i Mizt-s, p(Ng ), ng} (red filled contours and red histograms). Contours in each off-diagonal
panel show the 68% and 95% confidence regions, and histograms in each diagonal panel show the 1D marginalized posterior distribution of each parameter,
with values quoted above corresponding to the posterior mode and 68% confidence intervals.

The constraints on the galaxy assembly bias parame-
ters are highlighted in the left (ELUCID) and right (Bol-
shoi) panels of Figure 6, with the red filled con-
tours indicating the results from our fiducial data vector
{w,,(r,,|1v§”‘)|i=1_5,p(Ng), ng}. In each panel, yellow, green,
and blue open contours represent the constraints from using
{Wp(rp)a ng}a {Wp(rp)a P(Ngl ng}’ and {Wp(rp|Ng‘l)|i=l-5a ng}a
respectively. Again, we observe similar behavior of each
data vector using either simulation as in Figure 6. In par-
ticular, the {w,(r,),n,} constraints are the weakest with
strong degeneracy exhibited between Qe and Qg Adding
p(Ng) tightens the constraints significantly while bringing
the contours into ~1.50 tension with the zero values of
Qcen and Q. Swapping wp(rplgg’i)|i=1_5 for p(N§) further

tightens the constraints, and exhibits similar deviation from
Qcen=Q,;=0—the blue contours are inconsistent with zero
galaxy assembly bias at the 1.50 (ELUCID) and > 20 (Bol-
shoi) levels, respectively. However, because of the anal-
ogous but well-understood behaviors shown in our high-
fidelity mock tests, we can safely attribute the discrepancy
largely to the (residual) cosmic variance between the simu-
lations and SDSS. Finally, the fiducial ELUCID constraints
with {wp,gg(rplﬁg’i)|i=1-5, P(N§), ng} (red filled contours on the
left panel) are consistent with Q.. =Qs,=0 at 1o0~. Analogous
constraints using Bolshoi (red filled contours on the right
panel) are in 20 tension with Q.. =Qsy=0 a difference at-
tributable to the large cosmic variance between Bolshoi and
SDSS.
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SDSS fit with Bolshoi

-0.6 L4 S

-04 -0.3 -0.2 -0.1 0.0 0.1 02 03 04

QCGII

(Color online) Similar to Figure 4 but for constraints from the SDSS galaxies, with black circles indicating Qcen=Qs2=0.0 as a visual reference to

the case of no assembly bias. Red shading highlights the constraint from our fiducial choice of data vector.

Therefore, based on our fiducial SDSS analysis using
the constrained simulation ELUCID, we obtain a strin-

gent marginalized 1D constraint of Quen= — 0.0970° and
Qsat=0.09f8:é:§, hinting at a significant detection of galaxy as-

sembly bias at above 1o level and close to 20~ (at least for
the centrals). However, the marginalized 2D constraint on
the Qcen-Qsat plane (red contours on the left panel of Fig-
ure 6) is consistent with having no assembly bias at 1o~ and
well within 20~. Given that there is still some residual im-
pact of cosmic variance between ELUCID and SDSS that is
not included in our uncertainties, our current fiducial con-
straint indicates no evidence for having a strong halo assem-
bly bias in the local Universe for the population of galax-
ies selected by M.>10'2 12 My, typical of galaxies in the
SDSS Main Galaxy redshift survey. In Figure 7 we show
the comparison between the overdensity-dependent cross-
correlation functions predicted by our best-fitting model with
ELUCID (coloured curves) and the data (circles with error-
bars). The inset panel shows the comparison for the PDF of
galaxy overdensity. The best-fitting prediction yields a value
of y?/d.o.f.=134.95/114, indicating a satisfactory goodness
of fit to the data, with each of the observables well described
at all scales. This is an impressive testament to the abil-
ity of the combination of our HOD model and the ELUCID
reconstruction to describe the distribution and clustering of
galaxies in the local Universe, without the need to invoke
any strong galaxy assembly bias effect. Previous successes
of HOD models in reproducing the global w,(r,,) and 1-point
PDF did not guarantee success in reproducing the observed
correlation functions of galaxies in N§ quintiles, which pro-
vide a much more detailed characterization of environment-
dependent clustering.

8 Conclusions

In this paper, we have investigated the level of galaxy as-
sembly bias in the local Universe by performing a compre-
hensive HOD modelling of the overdensity environment and
projected clustering of SDSS galaxies, using the state-of-the-
art constrained simulation ELUCID that accurately recon-
structed the initial density perturbations of the SDSS volume.

For modelling galaxy assembly bias, we extend the stan-
dard HOD prescription by including separate levels of central
and satellite assembly bias, parametrized by Qe and Qy, re-
spectively. In particular, we extend the galaxy assembly bias
parametrization of Wibking et al. [77] and Salcedo et al. [79]
to include satellite assembly bias in the form of the parameter
Q¢ (see also ref. [74]). The parameter Qg allows the satel-
lite occupation to vary at fixed mass based on the large scale
environment by varying log M on a halo-by-halo basis. The
parameter Qe (called Q.yy in refs. [77,79]) acts similarly by
modifying 1og M yip.

We have employed a variety of data vectors consisting of
one and two-point galaxy statistics. Extensive mock tests
demonstrate that using a non-constrained simulation could
potentially show false evidence of galaxy assembly bias for
some of the data vectors that are sensitive to the cosmic vari-
ance. Among the four data vectors we tested, we identify
the combination of correlation functions of galaxy quintiles
selected by galaxy number count N¢, the probability density
distribution of Ng , and the overall galaxy number density n,,
as the fiducial input for our analysis with the SDSS data, be-
cause of its stringent constraining power.

Applying our extended HOD model on the ELUCID sim-
ulation to fit the SDSS galaxies, our fiducial analysis yields
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Figure 7

(Color online) Comparison of the measured projected cross-correlation functions between galaxy quintiles selected in Né’ and the global galaxy

sample (circles with errorbars) and those predicted by our posterior mean model with ELUCID (thick solid curves). Thin bundles of light-coloured curves
surrounding each thick solid curve represent the predictions from 100 random steps along the MCMC chain of our SDSS analysis. The inset panel shows
the data (black circles with errorbars) vs. model prediction (solid curve) comparison for p(6‘§), with the five filled vertical bands underneath the black curve
indicating the quintiles in Ng . Note that the legend gives values of the rank quantity Ng not Ng . The posterior model produces a good description to the data

with a y? value of 134.95 for 114 degrees of freedom.

stringent constraints of the level of galaxy assembly bias
in SDSS, with Qeen= — 0.09%09° and Qu,=0.09*] (3, respec-
tively. Therefore, we do not find evidence for the existence
of a strong (> 207) galaxy assembly bias within the SDSS
main galaxy sample, despite examining statistics that would
be sensitive to such bias if it were present. The best-fitting
model provides an excellent description of the overdensity
environment of each individual observed galaxy, as well as
the projected clustering of galaxies within different overden-
sity environments, ranging from voids to average field to

clusters and super-clusters.

Although the combined one- and two-point statistics mea-
sured from SDSS are consistent with having no galaxy as-
sembly bias, our constraint is dominated by the statisti-
cal uncertainties, with residual cosmic variance effect due
to imperfect ELUCID reconstruction in the underdense re-
gions. With current and upcoming spectroscopic surveys like
Dark Energy Spectroscopic Instrument (DESI, [109]) and
the Prime Focus Spectrograph (PFS, [110]), the uncertain-
ties of our method will be greatly reduced due to the orders-
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of-magnitude increase in the observed number of spectra, as
well as a thorough removal of the cosmic variance with the
ever-increasing survey volume.
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Appendix
Al Covariance matrices

We use the jackknife resampling technique to compute co-
variance matrices for our observables. In our analysis we
utilize measurements from the SDSS galaxy sample as well
as a mock sample derived from the ELUCID simulation. In
either case we compute two jackknife re-sampled covariance
matrices, one for w, and p(N§) and the other for the five N;-
selected correlation functions w,(r,|N§*)|i=1-s. Using multi-
ple realizations of our ELUCID mock sample we have com-
puted the contribution to the covariance from using a single
random realization of the HOD. We have found that this re-
alization contribution to the error is strongly subdominant at
all scales for all of our observables and is therefore ignored.
The covariance matrices computed on different mocks and
the SDSS catalog generally exhibit similar behaviors. How-
ever, it should be noted that quantitatively there are important
differences. The sample variance for our observables will ob-
viously scale with their signal, but the presence or absence of
assembly bias will also have an effect. Two mocks with the
same signal but different values of our assembly bias parame-
ters will have different observable covariance matrices. If we
consider the example of w),, we see that these two mocks will
have different covariances because assembly bias is adding to
the spatial variation of w, due to the large scale density. In
the case of the distribution of Ng , the effect is even more di-
rect because any galaxy assembly bias acts to boost the vari-
ance of N§.
in SDSS for
{wp, p(N§)} and w,,(rpuvg”')h:l_s are shown in Figures al and
a2, respectively. Turning towards Figure al we see that for
w, there are significant correlations among bins within the
1-halo regime and bins within the 2-halo regime, but there is
little correlation between bins across these two regimes. For
p(Nég ) we see that the covariance is mostly diagonal with mi-
nor correlations between nearby bins. We also see that there
are negative correlations between large and small Ng bins.
This reflects the explicit integral constraint on the probability
distribution function.

The correlation matrices measured

Overall, the covariance between the two types of observ-
ables is weak but exhibits some structure. There are negative
covariances between all bins of w), and bins of low N§ and
positive covariance between all bins of w), and bins of high
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Figure al (Color online) Correlation matrix of {w, p(Ng )} calculated di-
rectly from SDSS data via jackknife re-sampling, with the correlation coef-
ficients colour-coded by the colour bar on the right. Bins from left (top) to
right (bottom) correspond to 20 logarithmically-spaced bins of w(r,) from
rp=0.3 1~ Mpc to rp=30.0 h~' Mpc and 20 linearly-spaced bins of p(Ng)
from Ng:0.0 to N§:160.0.

N;. This is because galaxies with high values of N§ are in
high density regions and therefore have stronger clustering,
while those with low values of Ng are in low density regions
and have weaker clustering.

Figure a2 shows the correlation matrix of our five Ng’ se-
lected correlation functions. Going from left to right, the cor-
relation matrix for increasing quintiles of Ng’ starts with the
bottom quintile on the far left and ends with the top quintile
on the far right. In all cases we see roughly the same struc-
ture we observe for the global w,, there are significant cor-
relations between nearby bins but little correlation between
large and small scales. Additionally, the low-quintile correla-
tion functions are more diagonally dominated than the high-
quintile correlation functions. This is because the shot-noise
component, which is diagonal and constant across the five
quintiles, becomes more dominant when the sample-variance
component, which scales with the signal, is weaker. Using
jackknife resampling we have also calculated the covariance
between our five Ng selected cross-correlation functions. We
have found these errors to be extremely noisy and near zero.
Therefore we chose to set them equal to zero in what follows.

A2 Model tests with standard halo occupation distribu-

tion

In sect. 6 we performed a variety of mock tests using
two ELUCID mocks, one without and the other with strong
galaxy assembly bias. During those mock tests, we allow
Qeen and Qg to vary freely. For the sake of completeness
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here we include analogous mock tests by fitting a standard listed in Table al; values quoted correspond to parameter
HOD model with fixed values of Qe = Qqa = 0 to the ELU- posterior modes and 68% confidence intervals. Input val-
CID mock with strong galaxy assembly bias (Qeen, = —0.50, ues for the HOD parameters are listed in the final row of the
Qs = 0.50). The results of these mock constraints are table.

N{=0.0,0.2)

T

Figure a2 (Color online) Correlation matrix of the projected cross-correlation function between galaxy quintiles selected by Ng and the overall galaxy sample,
wp(rplﬁg”)|i= 1-5, with the correlation coefficients colour-coded by the colour bar on the far right. In each panel bins from left (top) to right (bottom) correspond
to 20 logarithmically-spaced bins of wp(rplﬁg") from r,=0.3 K~ Mpc to rp=30.0 h~! Mpc.

Table al Posterior constraints of model parameters from an ELUCID mock catalog with significant levels of galaxy assembly bias used as data. Likelihood’s
are calculated using ELUCID and Bolshoi haloes with Q. and Qg fixed to zero. Values quoted are posterior modes with 68% confidence intervals. The value
of y?/d.o.f is calculated from the mean of the posterior samples. Input values are listed in the last row

Data vector Haloes TlogM log Minin log M « Qcen Quat Acon. x*/d.of
(Wp(rp). ng} ELUCID  020%)1]  1200%30¢  13.00*)1)  0.90*30° - - 0.85912 13.01/16
{wp(rp), ng} Bolshoi  0.19%017 12017906 1280701}  0.80*) - - 0.87+013 42.23/16
{wp(rp), p(NS). ng) ELUCID  026%10 1203308 12791908 0.80*008 - - 0.81%013 36.99/36
{(wp(rp), p(N), ng) Bolshoi ~ 0.19*)12  11.97+00°  1272#307  0.79*00 - - 0.867012 54.51/36
Wp(rplNEDliz1os. mg) ELUCID  0.6%50% 1203003 1296*308 085003 - - 0.7470:12 65.38/96
Wp(rplNEDlici-s5. mg) Bolshoi ~ 0.17*307  12.01*503  12.81*507  0.79*504 - - 0.69701%  141.51/96
wprplNE o5, p(NE) g} ELUCID 0201997 12007093 12.847005 .83+ - - 0717014 96.57/116
WwprplNE o5, (NS g} Bolshoi  0.18%098 11967003 12757004 0.81+00 - - 0.697015  175.98/116

Input value - 0.20 11.95 13.15 1.0 -0.50 0.50 0.86 -




