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Abstract. We use N -body simulations to study halo assembly bias (i.e., the dependence of halo
clustering on properties beyond total mass) in the density and primordial non-Gaussianity (PNG)
linear bias parameters b1 and bφ, respectively. We consider concentration, spin and sphericity
as secondary halo properties, for which we find a clear detection of assembly bias for b1 and
bφ. At fixed total mass, halo spin and sphericity impact b1 and bφ in a similar manner, roughly
preserving the shape of the linear bφ(b1) relation satisfied by the global halo population. Halo
concentration, however, drives b1 and bφ in opposite directions. This induces significant changes to
the bφ(b1) relation, with higher concentration halos having higher amplitude of bφ(b1). For z = 0.5
and b1 ≈ 2 in particular, the population comprising either all halos, those with the 33% lowest
or those with the 33% highest concentrations have a PNG bias of bφ ≈ 3, bφ ≈ −1 and bφ ≈ 9,
respectively. Varying the halo concentration can make bφ very small and even change its sign. These
results have important ramifications for galaxy clustering constraints of the local PNG parameter
fNL that assume fixed forms for the bφ(b1) relation. We illustrate the significant impact of halo
assembly bias in actual data using the BOSS DR12 galaxy power spectrum: assuming that BOSS
galaxies are representative of all halos, the 33% lowest or the 33% highest concentration halos yields
σfNL

= 44, 165, 19, respectively. Our results suggest taking host halo concentration into account
in galaxy selection strategies to maximize the signal-to-noise on fNL. They also motivate more
simulation-based efforts to study the bφ(b1) relation of halos and galaxies.
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1 Introduction

Observational constraints on local-type primordial non-Gaussianity (PNG) are one of the most
powerful ways to gain insights about the physics behind the primordial curvature fluctuations R.
This type of PNG is defined through the equation

φ(x) = φG(x) + fNL

[
φG(x)2 −

〈
φG(x)2

〉]
, (1.1)

where φ(x) = (3/5)R(x) is the primordial gravitational potential deep in matter domination, φG
is a Gaussian distributed random field, and fNL is a parameter that quantifies the level of non-
Gaussianity of the spatial distribution of the primordial potential [1]. Standard single-field models
of inflation predict no local-type PNG. A detection of fNL 6= 0 would thus rule out these models and
point towards multifield models of inflation, in which several degrees of freedom are involved in the
production of the primordial perturbations [2–5]. A nonzero value of fNL generates a primordial
bispectrum (3-point correlation function) which peaks in the squeezed limit. This has been used to
constrain fNL = −0.9±5.1 (1σ) from measurements of the cosmic microwave background (CMB) by
the Planck satellite [6]. The next improvements over this bound are expected to come from large-
scale structure data. In particular, it is a general expectation that data from upcoming galaxy
surveys will allow us to constrain fNL with better than order unity precision σfNL

. 1, which will
enable to test several interesting models of inflation that predict O(1) values for fNL [7–13].

The ability of large-scale structure data to take this next step in fNL constraints relies on
the fact that local PNG introduces a coupling between large and small scales in the primordial
fluctuations, which coherently modulates the number density of tracers of the large-scale structure
such as dark matter halos or galaxies. This leaves a series of distinctive scale-dependent imprints in
the clustering pattern of galaxies that can be isolated from other physical contributions to constrain
fNL. Concretely, in cosmologies with local PNG, the deterministic galaxy number density contrast
can be linearly expanded in Fourier space as [14–18]

δg(k, z) = b1(z)δm(k, z) + bφ(z)fNLφ(k), (1.2)

where k is the wavenumber, and δm is the evolved matter density contrast. The parameters b1
and bφ are called bias parameters and quantify, respectively, the response of the galaxy number
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density to the amplitude of large-scale total matter and primordial potential perturbations (see
Ref. [19] for a review about galaxy bias). The primordial potential and the matter density contrast
are related through δm(k, z) =M(k, z)φ(k). Here, M(k, z) = (2/3)k2Tm(k)Dmd(z)/(ΩmH

2
0 ) with

Dmd(z) being the linear growth function normalized to the scale factor a = (1+z)−1 during matter
domination, Tm(k) the matter transfer function, Ωm the present-day mean matter density and H0

the Hubble constant. On large scales, Tm(k)→ 1 so that the galaxy density contrast becomes

δg(k, z) =

[
b1(z) +

3ΩmH
2
0

2k2Dmd(z)
bφ(z)fNL

]
δm(k, z), (1.3)

i.e., if fNL 6= 0 the galaxy distribution is related to the total matter field in a scale-dependent
way. This effect was first discovered in Ref. [20] where it was coined the scale-dependent bias effect.
At the power spectrum (or 2-point correlation function) level, this gives rise to two leading-order
contributions ∝ b1bφfNL/k

2 and ∝ (bφfNL)2/k4 that modify the amplitude of the galaxy power
spectrum on large scales. Using measurements of the power spectrum of quasars in the eBOSS
survey, Ref. [21] constrained fNL = −12 ± 21 (1σ) from this effect (see also Ref. [22]). The scale-
dependent bias effect also imprints a signature in the galaxy bispectrum (see e.g. Ref. [23] for
a recent study of the information content of the halo power spectrum and bispectrum on local
fNL). In combination with the galaxy power spectrum, this has been used to derive the constraints
fNL = −30± 29 (1σ) [24] and fNL = −33± 28 (1σ) [25] from BOSS data.

As is apparent from Eq. (1.2), what the galaxy distribution primarily constrains through the
scale-dependent bias effect is the product fNLbφ, and not just fNL. Therefore, we need a prior on
bφ in order to measure fNL. Noting that the parameter b1 can be fit for using the data on small
scales (e.g. through combined power spectrum and bispectrum analyses), the standard approach
in the literature is to assume a one-to-one relation between bφ and b1. This fixes bφ in terms
of the empirically determined b1, thereby allowing to constrain the numerical value of fNL. The
most popular relation is that obtained from assuming universality of the halo mass function, which
yields bφ(b1) = 2δc(b1 − 1), where δc ≈ 1.686 is the critical density for spherical collapse. The bias
parameters, however, are the response of galaxy formation to large-scale perturbations, and are thus
functions of the complex astrophysical processes that govern galaxy formation. Therefore, they are
quite uncertain and there is no compelling reason to expect simple relations like the universality
one to hold with generality for all types of tracers of the large-scale structure.

Indeed, a number of works have pointed to the breakdown of the universality relation. For
instance, multiple works have shown that the bφ(b1) relation of halos in gravity-only simulations
drops slightly below the universality relation for b1 & 2 [26–31]. More recently, Refs. [31–33]
extended the study of the bφ(b1) relation beyond gravity-only dynamics using new separate universe
hydrodynamical simulations of galaxy formation with the IllustrisTNG model [34, 35]. These works
have also shown that the universality relation is not a good description of the clustering of the
simulated tracers. In addition, the bφ(b1) relation can vary significantly across different tracers of
the large-scale structure including galaxies selected by total and stellar mass [31], galaxies selected
by color, black hole mass and black hole mass accretion rate [32], as well as the neutral hydrogen
distribution that can be mapped by 21cm line intensity mapping observations [33]. Furthermore,
it is still currently unknown how the bφ(b1) relation depends on the parameterization of the baryon
feedback in galaxy formation simulations, as is the reliability of the extrapolation from results for
simulated to observed galaxy samples.

Our current knowledge of the bφ(b1) relation of actual tracers is, therefore, still very uncertain.
This poses a serious problem to local PNG constraints using galaxy data since different values of
bφ have a direct impact on the fNL bounds. For example, observational constraints on fNL using
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quasars [21, 22] commonly report constraints assuming two bφ(b1) relations: the universality one and
the variant bφ(b1) = 2δc(b1− 1.6) derived in Ref. [14] as an approximation for halos having recently
merged. For b1 ≈ 2.5 typical of eBOSS quasars, the latter relation gives bφ values that are ≈ 40%
smaller and thus yield ≈ 40% weaker constraints. There is, however, no compelling reason to expect
any of these two relations to be a faithful description of the actual relation for quasars, whose true
constraining power on fNL remains therefore effectively unknown. More recently, Ref. [36] used the
power spectrum of galaxies in the 12th data release of the BOSS survey to explicitly illustrate how
our uncertainty on the bφ(b1) relation currently prevents us from being able to constrain fNL using
the scale-dependent bias effect. Concretely, Ref. [36] showed that different plausible assumptions
about the bφ(b1) relation result in error bars on fNL that can differ by more than an order of
magnitude for the exact same data. The impact of galaxy bias uncertainties in fNL constraints
has also been investigated in Refs. [32, 37, 38] with idealized mock galaxy power spectrum and
bispectrum data.

Without assumptions on bφ, the scale-dependent bias effect can only be used to assess the
significance of detection of fNL 6= 0 by constraining fNLbφ. Detecting fNLbφ 6= 0 implies fNL 6= 0,
and so it would still be possible to rule out single-field inflation without knowing fNL. However,
independent confirmation of such a detection with different tracer samples, identified using different
techniques or in different surveys, would still be hampered by bφ uncertainties. For instance, if two
surveys report a detection of fNLbφ, information on bφ will then be required to help discriminate
between a genuine fNL signal and possible foreground systematics on large scales. Knowledge of bφ
will also be necessary to assess the consistency of a detection of local PNG if one survey reports a
detection of fNLbφ and another does not.

Even in the case when a robust detection of fNLbφ is obtained, the numerical value of fNL is
what we are ultimately interested in for informed conclusions about inflation, as well as to compare
and combine with CMB constraints. Also, in case fNLbφ is never detected, then the upper bound
on |fNL| is what becomes relevant for inflation tests, but this depends on bφ. Further, even for
fNLbφ constraints, a good knowledge of bφ(b1) is still important to aim for galaxy samples that
have larger |bφ| and thus greater chances to detect fNLbφ.

This all strongly motivates additional work focused on improving our current knowledge of
the bφ(b1) relation. This is the goal of this paper, in which we focus on the assembly bias signal
of dark matter halos in gravity-only simulations. Although assembly bias strictly refers to the
dependence of halo bias on the mass accretion history at fixed total halo mass [39, 40], here we will
loosely use this designation to denote any dependence of halo bias on halo properties beyond total
mass, as is commonly done. Halo assembly bias is interesting and important to study because, at
fixed halo mass, different galaxy populations may reside in halos with distinct values of secondary
properties such as concentration, environment, spin or shape, and thus inherit the halo assembly
bias signal of their host halo population. The body of work on the assembly bias signal for the
parameter b1 is extensive, and it includes works focused on properties such as formation time,
concentration, spin, shape, substructure content and mass accretion rate (see e.g. Refs. [39–59]).
More recently, Refs. [45, 59] studied also assembly bias in the second-order density bias parameter
b2, and Ref. [59] in the tidal bias parameter bK2 as well. Concerning the bφ parameter, and to the
best of our knowledge, the only previous simulation-based study specifically addressing assembly
bias is Ref. [60], who showed that halos with the same mass but different formation times can
have significantly different values of bφ. In fact, the authors of Ref. [60] had already alerted the
community to the significant impact this may have on fNL constraints.

We will concentrate on the impact that halo concentration, spin and shape (sphericity) have
on bφ and, therefore, complement the analysis of Ref. [60] focused on formation time. Importantly,
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we will simultaneously study the signature of assembly bias in both b1 and bφ, and consequently,
in the bφ(b1) relation, which is what is relevant for observational constraints on fNL. If for example
the secondary dependence on a halo property affects bφ and b1 similarly, then the approximately
linear bφ(b1) relation, and hence the observational constraints, will not be affected. In our results,
for the first time, we find evidence of assembly bias in bφ for the three halo properties. We also
find that, while halo spin and sphericity have a similar impact on b1 and bφ and thus affect the
bφ(b1) relation only weakly, halo concentration affects bφ appreciably more than b1 (and in opposite
directions), which leads to a strong impact on the bφ(b1) relation. In regimes where at least
qualitative comparisons are possible, our results for bφ agree well with the first analysis of Ref. [60].

The rest of this paper is organized as follows. In Sec. 2, we describe the simulation data and
methodology we employ to measure the bias parameters b1 and bφ. Our results on the assembly
bias signal of the parameters b1 and bφ (and their relation) are presented and discussed in Sec. 3.
In Sec. 4 we discuss the potential impact of our results to fNL constraints using as an illustrative
case the BOSS DR12 galaxy power spectrum. Finally, we summarize and conclude in Sec. 5.

2 Numerical simulation data and methodology

In this section we describe the numerical simulation data (the main specifications are also summa-
rized in Tab. 1) and the methodology we use to estimate the bias parameters b1 and bφ.

2.1 Simulations and halo catalogues

Throughout this paper, we utilize three sets of gravity-only N -body simulations.

Set L250N1024

The first set is called L250N1024, and it was produced with the Gadget-2 N -body code [61] in a
box with side Lbox = 250Mpc/h and Np = 10243 matter tracer particles. Contrary to the other two
sets of simulations, the L250N1024 set is used for the first time in this work. The initial conditions
were generated at a starting redshift of z = 99 using the code described in Ref. [62]. The fiducial
cosmology is standard flat ΛCDM (without massive neutrinos) with cosmological parameters: Ωm =
0.319, Ωb = 0.049, ΩΛ = 0.681, h = 0.67, ns = 0.96, σ8 = 0.83. These match the cosmological
parameters of the Flagship simulation of the Euclid Satellite Consortium [63]1. The particle mass
resolution is mp = 1.3×109 M�/h, and the particle snapshot data we use in this paper were written
at redshift z = 1.0, 1.5, 2.0 and 3.0, roughly covering the expected redshift range for Euclid galaxies.
The suite is composed of simulations for Nr = 8 random realizations of the initial conditions. For
each realization, and with the same phases, we have ran also two additional simulations with the
same cosmological parameters, except σ8 which takes on the values σLow

8 = 0.81 and σHigh
8 = 0.85.

We use this auxiliary separate universe simulations to estimate the values of the bφ parameter as
explained in Sec. 2.2 below.

The halo catalogues were generated with the Amiga Halo Finder (AHF) code [64, 65]. The
AHF code identifies halos in simulations using a spherical overdensity algorithm. Our halo definition
assumes an enclosed overdensity that is 200 times the background matter density. In addition, we
restrict ourselves to the objects defined as the main or parent halos, and discard their subhalos. Fi-
nally, to ensure reasonable convergence of the halo properties we are interested in (mass, concentra-
tion, spin and sphericity), we consider only halos that have at least 200 tracer particles within their
R200 radius. For L250N1024, this implies a minimum halo mass of log10 [M200/(M�/h)] ≈ 11.41.

1https://sci.esa.int/web/euclid/-/59348-euclid-flagship-mock-galaxy-catalogue
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Set L2000N1536

The simulation set called L2000N1536 was also run with the Gadget-2 N -body code, but for a box
with Lbox = 2000Mpc/h and Np = 15363 tracer particles. The fiducial cosmology is standard flat
ΛCDM (without massive neutrinos) with parameters: Ωm = 0.3, Ωb = 0.0455, ΩΛ = 0.7, h = 0.7,
ns = 0.967, σ8 = 0.85. This yields a particle mass resolution of mp = 1.8× 1011M�/h. The initial
conditions were generated with the 2LPT code [66, 67] at z = 99. The snapshot data analyzed
in this paper are at redshift z = 0.0, 1.0 and 2.0. There are Nr = 2 different realizations of the
initial conditions. For each realization, we have two separate universe variants with σLow

8 = 0.83

and σHigh
8 = 0.87 for the estimation of the bias parameter bφ. This simulation set has been used

before in Ref. [68] to compute bφ for the whole halo population as a function of total mass (i.e.,
without splitting into secondary properties).

The halo finding strategy for L2000N1536 is exactly as for L250N1024. The main differ-
ence is that the lower resolution of this simulation set implies a higher minimum halo mass of
log10 [M200/(M�/h)] ≈ 13.55.

Set L560N1250

The third simulation suite is called L560N1250, and it was run with the AREPO code [69, 70],
whose TreePM gravity solver is similar to that of Gadget-2. These simulations evolve Np = 12503

matter tracer particles in a box of side Lbox = 560 Mpc/h, and the initial conditions were generated
at zi = 127 with the N-GenIC code [71]. The fiducial cosmology is again standard flat ΛCDM
(without massive neutrinos) with parameters: Ωm = 0.3089, Ωb = 0.0486, ΩΛ = 0.6911, h = 0.6774,
ns = 0.967, σ8 = 0.816; these match the cosmological parameters of the IllustrisTNG galaxy
formation simulations [34]. The particle mass resolution is mp = 7.7 × 109 M�/h. In this paper,
we utilize this suite’s data at z = 0.5, which is the snapshot closest to the mean redshift of
galaxies in the BOSS survey. This suite is composed of Nr = 5 different realizations of the initial
conditions, and likewise for the other two sets, for each realization there is a pair of separate universe
simulations with σLow

8 = 0.795 and σHigh
8 = 0.836, which we use to estimate the value of bφ. This

simulation setup has been used in the past by Refs. [31, 32] to study the bφ parameter, as well as
the higher-order local PNG bias parameter bφδ associated with density and primordial potential
perturbations.

For this set, the halos were identified using the friends-of-friends (FoF) algorithm that runs on-
the-fly with the Arepo code with a linking length of b = 0.2 times the mean interparticle distance.
For the FoF catalogues, and differently than for the other two SO catalogue sets, the mass of the
halo is defined as the total mass inside the radius within which the overdensity is 200 times the
critical background density (not the matter density). In this case we consider the objects as found
by the FoF algorithm, which comprise both the main halo and subhalos; we have checked that our
results from the SO and FoF catalogues are in good agreement and that any small differences have
no significant impact in our main conclusions. We will utilize this halo catalogue at z = 0.5 to
roughly estimate the impact of host halo concentration on the bφ(b1) relation of BOSS-like galaxies,
which are thought to reside in halos with & 1013 M�/h. This corresponds to objects with over
1000 particles at this set’s resolution, which should thus provide satisfactorily converged mass and
concentration estimates.

2.2 Bias parameters estimation

For a given population of halos (selected in bins of total mass and/or any other secondary property),
we can estimate the linear bias parameter b1 using the large-scale limit of the ratio of the halo-matter
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Set Lbox Np Nr mp Ωm Ωb h ns σ8

L250N1024 250 10243 8 1.3× 109 0.319 0.049 0.67 0.96 0.83

L2000N1536 2000 15363 2 1.8× 1011 0.3 0.0455 0.7 0.967 0.85

L560N1250 560 12503 5 7.7× 109 0.3089 0.0486 0.6774 0.967 0.816

Table 1. Summary of the simulation specifications used in this paper. The box size Lbox is in units of
Mpc/h and the particle mass mp in units of M�/h. For each set, there are also additional simulations with
different values of σ8 to measure the bias parameter bφ (cf. Sec. 2).

cross-power spectrum Phm and matter auto power spectrum Pmm as

b1(z) = lim
k→0

Phm(k, z)

Pmm(k, z)
. (2.1)

This expression is strictly valid only deep in the linear regime of structure formation where the ratio
asymptotes to a constant. To account for corrections to this, rather than fitting a constant to the
ratio, we fit instead the second order polynomial b1 +Ak2, where the Ak2 serves to marginalize out
the leading-order nonlinear and higher-derivative corrections (see e.g. Ref. [72] for a justification
of this). We fit the ratio in Eq. (2.1) up to kmax = 0.15 h/Mpc. We have made convergence
tests by varying kmax, as well as by including or not the quadratic term in the fit to confirm the
robustness of our choice of kmax. For any given simulation set, our quoted values and error bars for
b1 correspond to the mean and standard deviation of all Nr realizations of the initial conditions.

We estimate the local PNG bias parameter bφ from the response of the halo number density
to the change in fNLφ, or equivalently through the peak-background split (PBS) argument [14, 20],
as the logarithmic derivative of the halo number density nh w.r.t. the amplitude of the primordial
scalar power spectrum As (or alternatively to the parameter σ8) as

bφ(z) =
∂ lnnh

∂(fNLφ)
≡ 4

∂ lnnh
∂δAs

= 2
∂ lnnh
∂δσ8

, (2.2)

where δAs and δσ8 are defined as As = AFiducial
s (1 + δAs) and σ8 = σFiducial

8 (1 + δσ8), respectively.
In cosmologies with local PNG, the primordial squeezed bispectrum effectively results in a modula-
tion of the amplitude of the local scalar power spectrum by long-wavelength modes. That is, inside
large-scale fNLφ perturbations, structure formation effectively takes place as if in a separate uni-
verse with a different value of As, which is how Eq. (2.2) can be derived (see e.g. Sec. 7 of Ref. [19]).
Concretely, we use the separate universe simulations with different values of σ8 described above to
evaluate this derivative using finite-differences as

bφ(z) =
1

|δσ8 |

[
nHigh

h (z)− nLow
h (z)

nFiducial
h (z)

]
, (2.3)

where nLow
h , nFiducial

h and nHigh
h are the number density of halos in the corresponding simulation at

redshift z in some bin of total mass and/or any other secondary halo property. Similarly to b1, the
values and error bars we quote for bφ in this paper correspond to the mean and standard deviation
across all Nr realizations of the initial conditions.
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3 Halo assembly bias results

We now turn to the presentation and discussion of our results for b1 and bφ, which we will show for
halo populations split into three tertiles of concentration c, spin parameter λ and sphericity s in
a given total halo mass bin. The halo concentration is quantified using the Navarro-Frenk-White
(NFW) [73] concentration parameter c measured as in Ref. [74]. Specifically, we utilize the ratio
between Vmax, the maximum of the circular velocity, and V200, the circular velocity at the radius
R200, to solve for the NFW concentration c using the equation

Vmax

V200
=

(
0.216 c

f(c)

)1/2

, (3.1)

where f(c) = ln(1 + c)− c/(1 + c). For the halo spin, we use the spin parameter defined in Ref. [75]

λ =
|J|√

2MVR200

, (3.2)

where the angular momentum J, the mass M and the circular velocity V are all evaluated at R200.
Concerning the halo sphericity, we follow the works of Refs. [47, 51, 57, 59] and define the sphericity
s of a halo as

s =
r3

r1
, (3.3)

where r1 ≥ r2 ≥ r3 are the three axes of the moment-of-inertia tensor of the halo particles; s = 1
corresponds to perfectly spherical and s� 1 to very elongated halos.

Finally, for the concentration c and spin λ rather than quoting the results in terms of their
actual values in a given mass bin, we follow Refs. [42, 51, 57, 59] and choose to present our results
in terms of the following reparametrized variables

p′h =
ln(ph/p̄h)

σ(ln ph)
, (3.4)

where ph = {c, λ} is the value of concentration or spin in a given tertile and mass bin, and p̄h and
σph are the mean and standard deviation of ph over all tertiles in the same mass bin. These two
properties are known to be approximately lognormal distributed at fixed mass [75, 76], and so using
these reparametrized variables allows us to remove most of the mass dependence on their values
and eases the plotting of the results. On the other hand, since sphericity s is not clearly lognormal
distributed and does not depend significantly on halo mass, we skip defining a new variable for it.

3.1 Assembly bias in b1 and bφ

Figure 1 shows the halo assembly bias signal in b1 and bφ for concentration, spin and sphericity
as secondary halo properties. In each panel, the sets of symbols connected with lines show the
result for the three tertiles of the secondary halo properties in each halo mass bin, as labeled; halo
concentration, spin and sphericity increase from left to right. The result is shown for the L250N1024
and L2000N1536 simulation sets at z = 1. The main takeaway points are common to other epochs,
and so we display only the z = 1 results for brevity; some of the behavior at other z values can be
read off from the bφ(b1) relation in Fig. 2 below.

For b1, we recover previous known results obtained in Refs. [51, 59], to which we refer the
reader for a more indepth discussion. Here, we focus instead on bφ, whose results are new to this
paper, and for which we observe a detection of assembly bias for all three secondary halo properties.
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Figure 1. The halo assembly bias signal in b1 (top) and bφ (bottom) for concentration (left), spin (middle)
and sphericity (right) as secondary halo properties. In each panel, from left to right, halos have increasing
concentration, spin and sphericity. The result is shown at redshift z = 1, and for halos selected in different
total mass bins, as labeled (the log10M values implicitly assume M�/h units). The two sets of symbols
(circles and crosses) show the result for the L250N1024 and L2000N1536 sets, respectively (note we also use
two color tones to distinguish between the two simulation sets). Each set of curves shows the result for three
tertiles of concentration, spin and sphericity, and the dashed lines mark the value of the bias parameter for all
halos in the mass bin. The b1 results are consistent with previous known results. The detection of assembly
bias in bφ for these three halo properties is new to this paper (see however Ref. [60] for a previous detection
of the dependence of bφ on the halo formation time, which is in line with our concentration results).

Generically, the values of bφ increase with increasing values of these halo properties at fixed halo
mass, but the magnitude of the effect is mass dependent. For the concentration the effect is stronger
at lower masses, for the spin the effect appears stronger at higher masses, and for the sphericity
the magnitude of the effect is approximately the same for all mass values shown.

The results in Fig. 1 show further that while the assembly bias signal in bφ and b1 is similar
for halo spin and sphericity, it is consistently opposite for halo concentration. Specifically, for the
halo mass values covered by our simulations, increasing concentration typically lowers the value of
b1, but typically increases the values of bφ (it becomes more positive/less negative). The absolute
impact of the three secondary properties in bφ is also generally stronger than in b1. It is also
interesting to note that for the lowest mass values shown log10 [M/(M�/h)] = 11.79, 12.54, the
halos in the lowest-concentration tertile have negative values of bφ. This can be understood as
follows. Inside positive large-scale fNLφ perturbations (or, equivalently, given an increase in As),
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structure formation is enhanced, and as a result, halos become generically more massive, because of
enhanced mass accretion rate [31], and more concentrated because they form earlier. The negative
values of bφ therefore indicate that, for those halo masses, the halo concentration-mass relation
is enhanced by the fNLφ perturbations, i.e., the average increase in concentration outweighs the
increase in total mass of individual objects. In other words, for those masses, the number of objects
with low concentration inside fNLφ > 0 perturbations is lower than the cosmic mean, hence bφ < 0.
We note that a more detailed study of the structure formation physics behind these results is
interesting, and we defer it to future work.

It is interesting to link our halo concentration results for bφ with the previous detection in
simulations by Ref. [60] of a strong dependence of bφ on the formation time zf of halos. There, the
authors find that halos that have formed earlier (old halos) have significantly larger values of bφ
than halos with the same mass that have formed more recently (younger halos); see their Fig. 3,
and note that in their notation, ANG = bφ/2. We do not specifically look at the halo formation
time zf and so cannot perform a detailed quantitative comparison. However, noting that halo
concentration correlates with halo formation time [77], with higher concentration corresponding to
older halos, we find qualitative agreement between the results. Indeed, our results do show that
bφ is larger for objects with higher concentration, which are normally objects that have formed
a longer time ago. Reference [60] reports also that bφ can even change sign for the younger halo
population, which is also in agreement with our bφ < 0 results for the lowest concentration objects.

3.2 The impact of assembly bias on the bφ(b1) relation

The impact of assembly bias on the bφ(b1) relation is shown in Fig. 2. As in Fig. 1, the sets of
symbols connected by lines show the bφ and b1 values for halos in the same mass bin (color coded)
in different tertiles in concentration, spin and sphericity. The result is shown for the simulation
sets L250N1024 (dotted lines) and L2000N1536 (solid lines), and for all redshift values available for
them between z = 0 and z = 3, as labeled. Focusing on the most observationally interesting values
for b1 . 3, the main takeaway is that, at fixed halo mass, spin and sphericity have no significant
impact on the bφ(b1) relation of the halos, but concentration modifies it substantially. This could
have already been anticipated from Fig. 1 for z = 1, but it is now visible also for other redshifts.

Concretely, at fixed halo mass, increasing the halo concentration increases bφ and decreases b1,
i.e., it drives the objects upwards and leftwards in the bφ−b1 plane. The net effect is the development
of vertical variations with concentration that are orthogonal to the direction of the bφ(b1) relation of
the whole halo population, which is roughly the same as that indicated by the universality relation
shown by the dashed black line bφ(b1) = 2δc(b1 − 1) (cf. Fig. 3 next). On the other hand, although
the actual values of b1 and bφ can be visibly impacted by halo spin and sphericity at fixed halo
mass, the impact is similar for both parameters, which roughly preserves their relation (one can
discern some impact, especially at higher halo masses, but which is appreciably smaller than the
corresponding impact of halo concentration).

Figure 3 shows a different representation of the halo assembly bias results of Fig. 2. Rather
than the lines connecting the bias values in different tertiles in the same mass bin and redshift,
now the lines simply connect the results for all halos in a given secondary property tertile, for all
mass and redshift values available. The results in green and blue are for the higher and lower
tertiles, respectively, and the result in grey shows the relation for all halos in the different mass
bins. This figure illustrates again the strong impact that halo concentration has on the bφ(b1)
relation: the relation for the 33% most (least) concentrated halos lies significantly above (below)
that of the whole halo population. Likewise, and as discussed above, spin and sphericity are shown
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Figure 2. The impact of halo assembly bias on the bφ(b1) relation. In each panel, the sets of symbols
connected with lines show the bφ(b1) relation for halo populations with the same mass, but different concen-
tration, spin and sphericity. The result is shown for the L250N1024 and L2000N1536 simulation sets (line
styles and color tone, as labeled). The color coding indicates also the halo mass values (the log10M values
implicitly assume M�/h units), and the different symbols indicate the redshift z. The universality relation
bφ(b1) = 2δc(b1 − 1) is shown as the dashed black line. The main takeaway is that while halo assembly bias
due to spin and sphericity has a milder effect on the bφ(b1) relation, halo concentration on the other hand
has a much stronger impact (halo concentration generically decreases from top to bottom in that panel).

to have some impact on the bφ(b1) relation, but the magnitude of the effect is much lower than for
concentration.

In comparison to the universality relation bφ(b1) = 2δc(b1 − 1) (dashed black line), the upper
left panels in Figs. 2 and 3 make it apparent that this simple relation is not an adequate description
for halo populations with different concentrations: halos with higher (lower) concentration have a
bφ(b1) relation that has higher (lower) amplitude than the universality relation. It is also interesting
to compare our results against the black dot-dashed line in Fig. 3 that shows the variant of the
universality relation bφ(b1) = 2δc(b1−p) with p = 1.6, which was derived by Ref. [14] for halos that
have recently merged (see also Ref. [60] for a derivation of another formula that explicitly takes a
range of formation redshift zf into account). The fact that this relation has a lower amplitude than
the universality relation is qualitatively in line with our results that lower concentration (younger)
halos have lower bφ(b1) relations. At face value, the bφ(b1) = 2δc(b1−1.6) variant seems to describe
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Figure 3. Same as Fig. 2, except that the sets of symbols connected with lines show now the bφ(b1)
relation for halo populations in the same concentration, spin and sphericity tertiles, across the different mass
and redshift values (for clarity, the mass and redshift are not marked explicitly, but can be read off from
Fig. 2). The results in green/blue show the relations for the halos in the higher/lower secondary property
tertiles, and the results in grey show the relation for the whole halo population. The result is shown for the
L250N1024 and L2000N1536 simulation sets, as labeled. For comparison, the black lines show the relation
bφ(b1) = 2δc(b1−p) for p = 1, 1.6, 0.55, which are relations that have been used in the literature to constrain
fNL (the p = 1 case is the universality relation). The figure restricts to the range b1 ≤ 3 to focus only on the
most observationally relevant values.

halo populations that have concentrations in between the mean (grey) and the lowest concentration
tertile (blue). This relation is commonly adopted in fNL constraints using quasars [14, 21, 22], but
whether these quasar samples live in halos with such concentrations is currently unknown, and so
constraints on fNL obtained assuming this relation should be interpreted with care. Finally, the
dotted line in Fig. 3 shows the variant bφ(b1) = 2δc(b1 − p) with p = 0.55, that (i) Ref. [31] found
to roughly describe the relation of galaxies selected by stellar mass in the IllustrisTNG galaxy
formation model, and (ii) which seems to describe halos with concentrations in between the mean
and the higher tertile. In future work, it would be interesting to link these two results together by
inspecting the typical concentrations of the host halos of IllustrisTNG galaxies.2

2We note in passing that in addition to the halo occupation distribution (HOD) of the galaxies, there is another
physical effect that is needed to link halo to galaxy bias, which is the response of the HOD to the large-scale
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Before proceeding, we note that our halo assembly bias results in this paper for the bφ(b1)
relation find interesting connection points with the halo assembly bias results of Ref. [59] for the
b2(b1) and bK2(b1) relations, where b2 is the second-order density bias parameter and bK2 is the
leading-order halo tidal bias parameter. Concretely, Ref. [59] studied the assembly bias signal in
these two bias parameters and their relations with b1 for the same three secondary halo properties
that we study in this paper. The authors found that the b2(b1) relation remains remarkably weakly
affected by the assembly bias signal, but the bK2(b1) can be significantly affected by assembly
bias for all three secondary halo properties. This can be contrasted with our results here for
the bφ(b1) relation, which is strongly affected by concentration, but weakly affected by spin and
sphericity. The bias parameters b1, b2, bK2 and bφ describe different aspects of halo formation,
which makes the differential impact of halo assembly bias on them interesting to study from a
cosmic structure formation physics point of view. The way these assembly bias effects on the halo
bias relations propagate to the corresponding relations for visible tracers like galaxies [78, 79] and
neutral hydrogen [33, 80] would be also interesting to investigate in future work.

4 Consequences for fNL constraints

In this section, we wish to roughly estimate the impact that halo assembly bias can have on fNL

constraints, taking as a working-case the galaxy power spectrum of BOSS DR12 galaxies. The
symbols in the left panel of Fig. 4 show the bφ(b1) relation for all halos in blue, and halos in the
lowest and highest concentration tertiles in green and red, respectively. The four symbols cover halo
masses in the range M ∈ [1; 8] × 1013M�/h at z = 0.5, which is broadly representative for BOSS
DR12 galaxies [82–84]; the result is obtained using the L560N1250 simulation set. The dashed lines
show 5 different bφ(b1) relations parametrized by different values of p ∈ [−0.5, 2.5] in the equation
bφ(b1) = 2δc(b1 − p), chosen to cover the possibilities bracketed by the simulation relations shown.

The way BOSS galaxies populate halos as a function of concentration is currently not well
known, and so it is hard to pinpoint which relation is closest to that of these galaxies’ host halos.
Using stacked lensing profiles for the subset of BOSS galaxies that overlap with the CFHT Stripe
82 Survey, Ref. [85] constrained the typical host halo concentration to be in the range c ∼ 2.5−5.8.3

In our L560N1250 simulations at z = 0.5, the mean concentration of the halos in the lowest and
highest tertiles is ≈ 4 and ≈ 5.5, respectively, for halo masses M = 2− 4× 1013M�/h. Noting that
a detailed quantitative comparison cannot be performed as our snapshots do not cover exactly the
redshift range of the BOSS galaxies and the concentration-mass relation depends also on cosmology,
we will use the fact that the range of concentration values spanned by our tertiles is smaller than
the current uncertainty on the concentration of the host halos of BOSS galaxies to justify that it is

perturbations. Concretely, we can write the bgφ parameter of the galaxies as (cf. Ref. [78] for the derivation, and note
that an analogous expression can be written for any bias parameter)

bgφ =
1

ng

∫
dM

∫
dc nh(M, c)Ng(M, c)

(
bhφ(M, c) +R

Ng

φ (M, c)
)
, (3.5)

where ng is the galaxy number density, nh(M, c) is the mean number density of halos, Ng(M, c) is the mean number
of galaxies that live in halos of mass M and concentration c, and bhφ is the bias parameter of the halos. The second

term in the brackets is defined as R
Ng

φ = ∂ lnNg(M, c)/∂(fNLφ), and describes the response of the HOD to long-
wavelength fNLφ perturbations. That is, even if one knows exactly how galaxies occupy halos on average, i.e. we
know the function Ng(M, c), one still needs to know how this occupation is modulated by fNLφ perturbations (or
equivalently changes to As) to fully determine the bias parameter of the galaxies bgφ. This physical effect is often
ignored in the literature, but Ref. [78] showed it can be important.

3This corresponds to the range of c200c values allowed by the 1σ bounds in their Tab. 1.
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Figure 4. The potential consequences of halo assembly bias for observational constraints on fNL using
galaxy data. In the left panel, the blue symbols show the bφ(b1) relation for halos in total mass bins. The
green and red symbols show the same, but for the halos in the lowest and highest concentration tertile
in the same mass bins. For each of these cases, from left to right, the symbols correspond to halos with
M = {1, 2, 4, 8} × 1013M�/h at z = 0.5. This corresponds roughly to the mass and mean redshift covered
by galaxies in the BOSS DR12 survey. The result is from the L560N1250 simulation set. The vertical grey
band marks the constraints on b1 found in the power spectrum and bispectrum analysis of Ref. [81] for
BOSS DR12 galaxies (see their Table VII). The right panels shows the constraints on fNL using the BOSS
DR12 galaxy power spectrum for different values of p in the parametrization bφ(b1) = 2δc(b1 − p). The
corresponding bφ(b1) relations for the five values of p considered is shown by the dashed lines on the left.
For reference, in the lower right panel, the horizontal lines show the constraints obtained by Refs. [24, 25]
for the same galaxies in the power-spectrum-only part of their analysis.

currently plausible to roughly expect the bφ(b1) relation of the BOSS galaxies to be bracketed by
the values of p marked in Fig. 4.

The constraints on fNL are shown in the right panels of Fig. 4; the actual fNL bounds are in
the upper panel, and the lower panel isolates the impact on the error bar σfNL

. These constraints
were obtained using the same methodology of Ref. [36], assuming the following linear redshift-space
power spectrum model

Pgg(k, µ) =

[ (
b1 + fµ2

)2
+

2
(
b1 + fµ2

)
bφfNL

M(k)
+

(bφfNL)2

M(k)2

]
Pmm(k) +

αP
n̄g
, (4.1)

where µ is the cosine of the angle between the line-of-sight direction and the wavevector k, n̄g is
the galaxy number density, αP is a parameter that quantifies departures of the shot-noise from the
Poisson expectation and f = dlnD/dlna is the linear growth factor. We use this model to compute
the monopole (` = 0) and quadrupole (` = 2) moments defined as

P `gg(k) =
2`+ 1

2

∫ 1

−1
dµPgg(k, µ)L`(µ), (4.2)
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where L`(µ) are Legendre polynomials, which we fit to the measurements obtained with the method
of Ref. [86] for four galaxy samples in BOSS DR12 (z1 = 0.38 and z3 = 0.61 in the north and south
galactic caps).4 Except for fNL, we keep all cosmological parameters fixed5, and for each galaxy
sample, we fit also for the values of b1 and Poisson shot-noise amplitude; we assume Gaussian
priors for b1 using the 1-loop power spectrum and bispectrum constraints in Table VII of Ref. [81],
which are for the same cosmology. We adopt a conservative choice for the maximum wavenumber
kmax = 0.05h/Mpc to ensure the validity of linear theory. Note that while the constraints on fNL

are dominated by the largest scales, extending the analysis to smaller scales is useful in general to
constrain the cosmological parameters and b1; though here we keep the former fixed and assume
priors for b1. We stress that our goal is not to derive the best possible constraints, but just to
illustrate the impact of the different bφ(b1) relations. The covariance matrix was obtained using the
power spectra from the ensemble of 2048 MultiDark-Patchy galaxy mock catalogues [87, 88]. We
refer the reader to Ref. [36] for more details about the constraint methodology and its validation.

The p = −0.5 and p = 0.1 cases yield the largest values of bφ (bφ ≈ 10 and bφ ≈ 7 for the
typical BOSS DR12 b1 values, respectively), and consequently, give the tightest constraints on fNL

shown in Fig. 4: fNL = 19 ± 19 (1σ) and fNL = 28 ± 27 (1σ), respectively. For comparison, both
these constraints are tighter than the power-spectrum-only results of Refs. [24, 25] marked by the
horizontal lines in the lower right panel of Fig. 4.6 That is, if BOSS DR12 galaxies happen to
populate halos that are more concentrated than average, then existing fNL constrains using BOSS
DR12 galaxies may currently underestimate the true constraining power of the data. On the other
hand, should these galaxies preferentially reside in lower concentration halos, this brings their bφ
values closer to zero and weakens the constraints on fNL. Concretely, the p = 2.5 case assumes
that BOSS galaxies inhabit a population of halos in the lowest concentration tertile at z = 0.5.
This gives a constraint on fNL (σfNL

= 165) that is weaker by a factor of 3.8 compared to assuming
p = 1 (σfNL

= 44), which is close to the global halo population. Note that for the typical b1 values
of BOSS DR12 galaxies, the two concentration tertiles bracket situations in which bφ can be a small
number and yield very weak constraints on fNL. This shows how relatively small changes in bφ can
have a dramatic effect on fNL constraints.

Considerations about how galaxies populate halos as a function of mass and concentration are
currently ignored when deciding which bφ(b1) relation to assume in fNL constraints, but our simple
analysis here highlights that this needs to be corrected in the future given the strong impact this can
have on the fNL bounds. In particular, given the current uncertainties on the concentration-mass
relation of the host halos of BOSS DR12 galaxies, Fig. 4 shows that it is premature to claim a certain
constraining power on fNL from these data. Note that this message is not specific to the BOSS
DR12 samples, and applies generically to any tracer of the large-scale structure that can be used to
constrain fNL (including emission line galaxies, quasars, neutral Hydrogen, etc.). The discussion in
this section adds on to other analyses and discussions in the literature [22, 31, 32, 36, 37, 60] that
have been calling attention to the need to improve our current knowledge about the bφ(b1) relation
in order to be able to reliably and competitively constrain fNL using galaxy data.

Along the same lines, it is important to stress that, in fact, the significance of detection of
fNL 6= 0 is not affected by different assumptions on bφ. Indeed, the various constraints shown

4These are publicly available at https://github.com/oliverphilcox/Spectra-Without-Windows. Note that
these galaxy samples overlap with the samples known as LOWZ and CMASS, but are not exactly the same.

5Specifically, we consider a standard flat ΛCDM model with parameters: h = 0.6778, Ωbh
2 = 0.02268, Ωch

2 =
0.1218, ns = 0.9649 and σ8 = 0.75. This is the best-fitting cosmology in the left-hand side of Table VII of Ref. [81].

6Reference [24] assumed p = 1, which is the universality relation. Reference [25] assumed p = 0.55 inspired by the
results of Ref. [31], who found this for stellar mass selected galaxies in simulations of the IllustrisTNG model.
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on the right of Fig. 4 all detect fNL 6= 0 at ≈ 1σ. In assessing the significance of detection,
however, the appropriate thing to do is to constrain the parameter combination fNLbφ, and not
fNL (see Refs. [31, 37] for discussions about the pros and cons of this approach). Constraints on
fNLbφ do not strictly require bφ priors, but some knowledge of the bφ(b1) relation is still useful to
target samples with |bφ| � 1 to maximize the signal-to-noise of the detection. In fact, a general
characterization of trends on the bφ − b1 plane (as opposed to very precise knowledge of the bφ(b1)
relation) can prove sufficient to identify which tracers are best in terms of significance of detection.
However, should future constraints on fNLbφ remain compatible with zero like ours here, then the
precision and accuracy of the bφ priors become critical to determine the upper bounds on |fNL|.

5 Summary & Conclusion

Observational constraints on the local PNG parameter fNL obtained using galaxy data come pri-
marily from signatures associated with the scale-dependent bias effect. The leading-order signature
appears in the large-scale galaxy power spectrum and it is ∝ b1bφfNL/k

2, where b1 and bφ are the
galaxy bias parameters associated with mass density and primordial gravitational potential pertur-
bations, respectively. While the value of b1 can be directly estimated from the data, the same is
not true for bφ, unless prior knowledge on fNL is used. Thus, in order to constrain fNL, one needs
to make assumptions about bφ. The standard approach in the literature is to fix bφ in terms of b1
by assuming a tight relation between the two. This relation is often taken to be the universality
relation bφ(b1) = 2δc(b1 − 1) (or certain simplified variants thereof), but there is no compelling
reason to expect this to describe the bφ(b1) relation of tracers in real-life observational surveys.
Indeed, a number of recent works based on hydrodynamical simulations of galaxy formation have
revealed that the bφ(b1) relation can vary sensitively between different types of tracers of the large-
scale structure [31–33]. Without the ability to place good priors on the bφ(b1) relation it may not
be possible to use galaxy data to competitively constrain fNL [36], which motivates works like the
present one focused on studying it.

Concretely, in this paper we studied halo assembly bias in b1 and bφ and its impact on the
bφ(b1) relation. This is an important step towards a robust understanding of the same relation for
galaxies, because different galaxy types may preferentially reside in halos with distinct properties
(at fixed halo mass) and thus inherit the assembly bias signal of their host halos. We used a series
of gravity-only simulations to investigate how the bφ(b1) relation depends on halo concentration,
spin and sphericity, at fixed halo mass. The bias parameter b1 was estimated using the large-scale
limit of the ratio of the halo-matter to matter-matter power spectrum, and the bias parameter
bφ was estimated using separate universe simulations with varying normalization amplitude σ8

(equivalently the PBS argument, cf. Sec. 2.2). The halo assembly bias signal in bφ had been
investigated previously in detail by Ref. [60], who showed that halos with the same mass but different
formation times can have significantly different values of bφ. Our work here can be regarded as
an extension of that by Ref. [60] to study the assembly bias effect on the bφ(b1) relation and to
consider also halo concentration, spin and sphericity as additional secondary halo properties. Our
main results can be summarized as follows:

• We detect the halo assembly bias signal in bφ for all three secondary halo properties consid-
ered. In particular, at fixed halo mass, our results show that bφ typically grows with halo
concentration, spin and sphericity (cf. Fig. 1). Noting that higher concentration halos are
typically halos that formed earlier, our concentration results therefore qualitatively agree with
the previous finding of Ref. [60] that older halos have larger bφ.
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• The halo assembly bias signal from halo spin and sphericity is similar for b1 and bφ, and roughly
preserves the bφ(b1) relation of the full halo sample (cf. Figs. 2 and 3). By contrast, varying
the halo concentration shifts b1 and bφ in opposite directions and impacts bφ appreciably more
than b1. The net result is a strong modification of the bφ(b1) relation, which acquires a higher
(lower) amplitude for higher (lower) concentration halos (cf. Fig. 3). This differential impact
of halo concentration, spin and sphericity on the b1 and bφ parameters is interesting also from
the point of view of the physics of cosmic structure formation, which would be interesting to
investigate in future work.

The strong impact of halo concentration on the bφ(b1) relation has important ramifications
for fNL constraints, which currently do not take this effect into account. In Sec. 4, we presented a
simple estimate of the importance of this to fNL constraints using BOSS DR12 galaxies, which we
found can be significant. Assuming that BOSS galaxies are a representative sample of the whole
halo concentration distribution, we obtain σfNL

= 44. Assuming instead that BOSS galaxies occupy
the 33% most and least concentrated halos, we obtained σfNL

= 19 and σfNL
= 165, respectively

(cf. Fig. 4). The range of values of bφ spanned by these two concentration tertiles can cross zero, and
so under this simplified analysis it is also possible to identify a population of halos with |bφ � 1| that
would yield extremely weak constraints on fNL. Further, observational constraints using quasars do
often quote results for a variant of the universality relation bφ(b1) = 2δc(b1 − 1.6) that attempts to
describe objects that have recently merged. Figure 3 shows that this relation describes the bφ(b1)
relation of halos with concentrations between the mean and the lower tertile, but whether quasars
occupy these or other halo populations is currently unknown. The takeaway is that our uncertain
knowledge of the concentration of the host halos of observed tracers currently prevents us from
determining the constraining power of galaxy data on fNL.

Although the strong sensitivity of the bφ(b1) relation to the details of the halo and galaxy
populations may seem alarming and challenging, this in principle brings with it the opportunity to
optimize galaxy selection strategies in surveys to simply detect fNL 6= 0. Constraints on fNLbφ do
not require bφ priors, and detecting fNLbφ 6= 0 would still allow to rule out single field inflation.
In contrast to fNL constraints that require accurate and precise priors on bφ, in fNLbφ constraints
even a rough understanding of the bφ(b1) relation of the galaxies in surveys could go a long way in
identifying what types of tracers are best to detect fNL 6= 0. For example, the results of Ref. [89]
suggest that the surface brightness of disk galaxies may offer a way to select host halos with certain
concentration values. Concretely, the correlation between halo spin and concentration, along with
centrifugal considerations, imply that, at fixed halo mass, high (low) surface brightness disks reside
in more (less) concentrated halos, and may as a result have a higher (lower) amplitude of the bφ(b1)
relation. Alternatively, although existing lensing-based estimates of the concentration of individual
galaxies’ host halos are currently very noisy, it is interesting to investigate whether in the future
these can be made precise enough for selection cuts for fNLbφ constraints; note that for a simple
split into high/low concentration objects, the precision of the individual concentration estimates
may not be as important. Furthermore, Ref. [32] found using hydrodynamical simulations that
galaxies with lower black hole mass accretion rate (and by proxy, lower quasar luminosity) tend to
have larger values of bφ at fixed b1 (cf. their Fig. 3), and as a result are more sensitive to fNL. The
investigation of which galaxy types are best (or worst) to detect fNLbφ through their |bφ| values is
an important line of research that is interesting to pursue further in future work.
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[89] A. V. Macciò, A. A. Dutton, F. C. van den Bosch, B. Moore, D. Potter, and J. Stadel, Concentration,
Spin and Shape of Dark Matter Haloes: Scatter and the Dependence on Mass and Environment, Mon.
Not. Roy. Astron. Soc. 378 (2007) 55–71, [astro-ph/0608157].

– 22 –

http://arxiv.org/abs/astro-ph/0608157

	1 Introduction
	2 Numerical simulation data and methodology
	2.1 Simulations and halo catalogues
	2.2 Bias parameters estimation

	3 Halo assembly bias results
	3.1 Assembly bias in b1 and b
	3.2 The impact of assembly bias on the b(b1) relation

	4 Consequences for fNL constraints
	5 Summary & Conclusion

