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Peak-background split, renormalization, and galaxy clustering
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We present a derivation of two-point correlations of general tracers in the peak-background split (PBS)
framework by way of a rigorous definition of the PBS argument. Our expressions only depend on
connected matter correlators and “‘renormalized” bias parameters with clear physical interpretation, and
are independent of any coarse-graining scale. This result should be contrasted with the naive expression
derived from a local bias expansion of the tracer number density with respect to the matter density
perturbation &; coarse-grained on a scale R; . In the latter case, the predicted tracer correlation function
receives contributions of order (87) at each perturbative order n, whereas, in our formalism, these are
absorbed in the PBS bias parameters at all orders. Further, this approach naturally predicts both a scale-
dependent bias «k? such as found for peaks of the density field, and the scale-dependent bias induced by
primordial non-Gaussianity in the initial conditions. The only assumption made about the tracers is that
their abundance at a given position depends solely on the matter distribution within a finite region around

that position.
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L. INTRODUCTION

The clustering of tracers of the large-scale structure in
the Universe, such as galaxies, clusters, or the Lyman-«
forest, is one of the most important probes of the origin and
evolution of cosmological perturbations. On sufficiently
large scales, correlations are weak and one should hope
that a perturbative approach will allow us to cleanly con-
nect observations with the predictions of cosmological
models (such as the standard cold dark matter scenario
with adiabatic Gaussian initial conditions). In case of the
matter density perturbations, these perturbative approaches
are well developed (see [1] for a review). On the other
hand, the formation of the tracers we actually observe
necessarily involves highly nonlinear, small-scale mecha-
nisms which cannot be described perturbatively. In order to
relate observations to theory, we thus need an effective
description which involves unknown bias parameters.”
These parameters in general need to be determined obser-
vationally, and we would like as many parameters as
necessary to accurately describe tracer correlations down
to some minimum scale, but not more, in order to retain the
maximum amount of cosmological information. Which
bias parameters need to be included, and to what order, is
still an open problem.

The simplest and most well-known bias expansion is the
local expansion in terms of density [2—4],

C
Spr(x) =co+ c16,(x) + ?25%()() +oe (1)

where ¢, are the bias parameters, &, is the fractional
tracer density perturbation, and §; is the corresponding
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matter density perturbation. Here, both the tracer and the
matter density field are understood as coarse-grained on
some scale R;, so that this expansion can be interpreted as
a counts-in-cells relation, and the ¢, as ‘“‘scatter-plot bias
parameters.” This perturbative description is commonly
assumed to be valid on large scales [5,6], i.e. only if o7 =
(8?) < 1, although the series could actually converge even
for o; = 1 if the condition |c,;/c,| = const is satisfied
in the limit n — oo; however, the larger o is, the more
terms need to be included to obtain a converged expres-
sion. As can easily be seen, the correlation function pre-
dicted by Eq. (1) depends on the coarse-graining scale
through the variance o2 = (§2), and all higher moments
of the density field.

In contrast to counts-in-cells studies [2], where a specific
scale R; is singled out, we expect that no additional
smoothing scale R; should enter the calculation of corre-
lation functions on a scale r (unless we directly link R
to r, as done in [7]). Thus, we need to absorb the
R;-dependent pieces into renormalized bias parameters
by, as proposed for the first time by McDonald [8] and
tested against simulations in Jeong and Komatsu [9]. More
recently, this approach has been pursued to higher order in
the multipoint propagator framework [10] by Matsubara
[11]. In accordance with renormalization theory, the
expression for tracer correlators in terms of the parameters
by should be R; -independent, and convergent in terms of
matter correlators at the separation at which we measure
tracer correlations (rather than zero-lag correlators such as
(8%}). In the process of renormalization, we have to
introduce a new bias parameter by at each order in J;
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which needs to be determined from observations. Similar
conclusions hold when adding other, nonlocal quantities to
the expansion Eq. (1), such as derivatives of  or the tidal
tensor. With in principle arbitrarily many free parameters,
the clustering of large-scale structure tracers loses all
cosmological constraining power. Moreover, treating the
by as mere nuisance parameters (as in [8,12]) precludes us
from using any information contained in the by on the
parent halos and formation history of the tracers.

There is thus strong motivation to try to associate physi-
cal meaning with the renormalized bias parameters. This
would allow models of, say, galaxy formation to provide
sensible priors on the allowed range of the parameters, or
to predict connections between different bias parameters.
For example, there is a well-motivated connection between
the linear bias with respect to density of a tracer and the
parameter that quantifies the scale-dependent bias induced
by primordial non-Gaussianity [13,14]. In this case, the
connection is crucial, as without it one would not be able
to constrain primordial non-Gaussianity from the scale-
dependent bias.

Our goal in this paper is to explicitly derive the physical
meaning of the renormalized bias parameters b, and
their exact relation to observables such as the correlation
function to any order. Physically, the renormalized bias
parameters quantify the response of the mean abundance of
tracers to a change in the background matter density p of
the Universe (at fixed proper time since the big bang), i.e.

by = pron 2
N 7i apN ( )
This definition applies to tracers of any nature; in the
considerably more restrictive case of universal mass func-
tions, where the abundance of tracers depends only on
v, = 8./0(M), a fractional change D in the background
density is equivalent to a change in the parameter 6, —
6. — D, leading to the well-known peak-background split
(PBS) bias parameters [15], Eq. (49) in Sec. IIC. Even
though Eq. (2) is much more general, we will still refer to
the parameters by as “PBS biases” for convenience,
although it is important to keep the distinction in mind.

We will show that the bias parameters defined through
Eq. (2), and its generalization to nonlocal biases, are the
coefficients multiplying powers of the matter correlation
function &;(r) in the expansion of the tracer correlation
function. Specifically, for a Gaussian density field we
obtain

[e e}

2
ACED R ACIY 3)

N=1

We also show that the b, agree with the bias parameters
identified through a direct calculation of the correlations
of thresholded regions and peaks of the density field.
However, it is important to note the difference in philoso-
phy between each derivation: thresholded regions and
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peaks constitute ‘“microscopic’”’ models of tracers, where
the relation between matter and tracer density is explicitly
specified on all scales (this is also the approach taken in
Matsubara [11], although the description is kept general
there). On the other hand, here we treat local biasing
(and its generalization to nonlocal quantities) as effective
description on sufficiently large scales, independently
of the microscopic physics. In the language of field theory,
the former approaches constitute specific “UV-complete”
theories, while the approach presented here is an “effective
theory” of biasing. Specifically, R; serves the role of a
UV cutoff whose precise value should not impact correla-
tions on scales of observable interest.

The exact relation between the parameters by and tracer
correlations provides a rigorous framework in which
further modeling assumptions for any given tracer, for
example from the excursion set, peak model, or halo
occupation distribution, can be embedded—both in order
to tighten constraints on cosmological parameters, and
in order to infer the physics of the formation of the tracers
(as also pointed out in [16], the deviations from the peak-
background split predictions found in [17] are due to the
fact that the authors assumed a universal mass function of
halos, not due to the inaccuracy of the peak-background
split argument itself). Along the way, we also show that
renormalization removes the zero-lag matter correlators
from the expression for the tracer correlation function at
all orders, as required. We also show that the same bias
parameters describe both the tracer auto- and the cross
correlation with matter. The expression of tracer correla-
tions in terms of renormalized bias parameters and
“no-zero-lag” matter correlators such as the correlation
function is manifestly convergent as long as these matter
correlators are small. This is in close analogy to the
expression for tracer correlations in terms of resummed
bias parameters in [11]. Note that the treatment in [11] is in
Fourier space, while we work in real space here, for which
we believe that the physical assumptions and arguments
are more clear.

The renormalization approach proposed in [8] provides
us with another extremely valuable tool: in describing the
tracer density in terms of the ‘““bare” bias parameters c,,
we coarse-grain both tracer and matter fields on some scale
R; . The requirement that the final expression for observ-
able tracer correlations be independent of R; provides us
with a quantitative estimate of the limits of the ansatz
Eq. (1). Once an R;-dependence is found, we are guided
to find an additional dependence of the tracer density on a
“regional” property of the matter density field which
absorbs the dependence on R; through renormalization.
We show this explicitly in two cases: a bias with respect to
V28, previously found specifically for peaks of the density
field, which absorbs the R;-dependence induced by
the smoothing of the matter correlation function over the
coarse-graining scale; and a bias with respect to the
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variance of the small-scale density field, which has to be
introduced in the presence of primordial non-Gaussianity.
In the latter case, the renormalization absorbs the
c1¢2(8.(1)82(2)) term into an overall scale-dependent
bias coefficient, similarly as shown in [18]. However, in
our approach we find a clear physical interpretation of this
coefficient, which preserves the connection to the Gaussian
bias derived in [13,14].

In order to achieve these results efficiently, we adopt
several simplifications. First, we work in real space rather
than Fourier space, since this is where the coarse-graining
and ‘“‘separation of scales” is defined. We thus do not
address effects such as stochasticity and exclusion, which
are restricted to very small physical separations (while they
in general affect Fourier-space correlations at all k).
Furthermore, our approach is primarily intended as being
applied in Lagrangian space. However, we will not restrict
the treatment to a linear or Gaussian density field. Thus,
our results are applicable to biasing with respect to a non-
linearly evolved matter density field as well, though, in that
case, further nonlocal biases should in general be consid-
ered [19-21]. We also assume that the tracer abundance
solely depends on the total matter distribution, rather than
the baryon and cold dark matter density separately; the
approach can easily be generalized to deal with the two-
component fluid. Finally, we restrict ourselves to two-point
correlations of tracers.

Implicitly, we will work in synchronous-comoving
gauge throughout. That is, all comoving observers on a
constant-¢ slice share the same proper time (at linear
order), and thus see a Universe of equal age. For a different
choice of time slicing, tracer correlations in general receive
contributions from the different evolutionary stage of
different regions as well [22] (see also [23-26]).

The outline of the paper is as follows. In Sec. II, we
describe the basic approach assuming purely local biasing
as in Eq. (1) (although we never actually use this relation)
and Gaussian initial conditions, and derive the expression
for tracer correlations in terms of PBS bias parameters. In
Sec. I1I, we show how a bias with respect to V2§ naturally
appears in this approach. Finally, in Sec. IV we consider
the case of non-Gaussian initial conditions. We conclude in
Sec. V. The Appendix contains the derivation of the key
result of Sec. II for general non-Gaussian initial conditions,
the extension of the treatment in Sec. III to higher order,
and detailed derivations of some relations used in the
main text.

II. PEAK-BACKGROUND SPLIT AND
TRACER CORRELATIONS

Consider a filter function W, (x) of characteristic size
R;, normalized to unity in 3D space. In the following we
assume that the filter function is isotropic, W, = W, (|x]).
This is a natural assumption since any anisotropy would
correspond to introducing preferred directions. We define

PHYSICAL REVIEW D 88, 023515 (2013)

the filtered (coarse-grained) density field §; in terms of the
full density field §(x) through

8. (x) = [ Ly, (x — y)8(y), @)

where the subscript L refers to the coarse-graining scale R;,
(indicated as circles in Fig. 1). We can think of §; (x) as the
average density within a region U of size R; centered on
x. Note that while we primarily think of §(x) as being the
Lagrangian density field, many of our results will not
make any assumptions about the statistics of 6(x) (e.g.,
Gaussianity). The small-scale density field, which we
will consider in Sec. IV, is then defined as §,(x) = 8(x) —
61 (x) [Eq. (86)]. The number of tracers (orange dots in
Fig. 1) within this region ‘U is simply given by the
weighted sum, i.e., the discretized analog of Eq. (4),

iy(x) = ZWL(XI - X), &)

where the sum runs over all tracers in the (idealized)
sample, and X; is the position of tracer i. The expectation
value (7i;,), estimated by averaging over N different regions
‘U and letting N — oo, is equal to the cosmic mean of the
abundance of tracers. It can be measured (with some
uncertainty) either observationally or in simulations for
any given tracer.

We can now implicitly define a function Fj,;(6;;x)
through

ﬁh(x) = Fh,L(aL(X);X)- (6)

The dependence of F,; on x denotes any departure, or
“scatter,” of the tracer number density from a determinis-
tic relation A;,(x) = 7,[ 5, (x)]; by definition, this scatter is
equivalent to the dependence of 71, on the small-scale
fluctuations J, in the given region. The key assumption

i (E1) = Falon (£1); 31

FIG. 1 (color online). Sketch of the separation of the density
field (blue, thin line) into large-scale part d; (red, thick line) and
a small-scale part &, [Eq. (86) in Sec. IV; thin black line below],
via an arbitrary coarse-graining scale R;. The tracer density
coarse-grained on scale R; (circles) is described by the
function F},;(8,;%x) [Eq. (6)], where the explicit dependence
on x encodes the scatter around the mean relation with &, , which
is assumed to be uncorrelated with ;.
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we will make below is that the correlation of this scatter
with large-scale perturbations (in particular on the scales
we are measuring correlation functions) is negligible.
Then, the scatter will add noise to the measurement, but
will not contribute to the expectation value of correlation
functions on large scales [27]. If this assumption breaks
down, it is straightforward to include other properties of
the density field as arguments of F, ;, which will be the
subject of the following sections. The PBS argument we
will apply below will allow us to derive the statistics of the
tracer without any explicit knowledge of the function Fj, ;.
As indicated by the notation, the function F, ; will depend
on R;.
We can formally expand Eq. (6) in a Taylor series,
i) = 3008, (0T )
n=0"""
where Fﬁ,',’)L(O; x) denotes the n-derivative of F) (6, X)
with respect to 6; evaluated at position x and at 6; = 0.
We now take the expectation value of Eq. (7) in order to
obtain an expression for the mean number density of
tracers, our first observable. Our assumption of negligible
correlation between &; and the scatter encoded in the
explicit x-dependence of F, ; implies that the two factors
in each term of Eq. (7) are independent random variables
(cf. the Poisson clustering model [4]):

(F (0;x)[8,(x)]") = (Fy (0 )X[8, ()], (8)
We then obtain

(iip(x)) = Z—<F< (0;x)[8,(x)]") )

n

= Z—<F§Z’Z<0 X)) (10)

= @)1+ Zot + 26D+ ) an

where we have defined
1
(Fp,.(0))

dropping the argument x since the ensemble average
is independent of location due to homogeneity. The c,
depend on R;, but for clarity we will not indicate this
dependence explicitly. Further, as in Sec. I,

(F(0), (12)

Ch =

d%
i=6h= [ e AT ORI (Y
Note that by definition, (5,) = 0, and ¢, = 1. In the limit
that R, — oo so that o, — 0, we see that (#i;,) = (F},.(0)),
the expectation value of the function F); at the back-
ground density. For finite values of R; however, (#,)
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receives contributions from the variance o2 and higher
order moments of the density field coarse-grained with
W;. This just says that for finite regions U, (F),;(0))
does not give the cosmic mean of the tracer abundance,
(fi,). This is commonly phrased as a nonzero zeroth order
bias parameter given by (7,)/(F}, . (0)) so that the cosmic
mean is recovered upon taking the ensemble average.

A. Correlations

We now turn to the correlation function ¢, of tracers. If
we measure the correlation function at separation r, we
clearly need R; < r in order to avoid large effects of the
coarse-graining. However, as discussed in Sec. I, the pre-
cise value of the coarse-graining scale should not have an
effect on the final expression for the correlation function.
We will deal with the effects of the coarse-graining on the
tracer correlation function in Sec. III.

In terms of the coarse-grained densities 7, the simplest
estimator for £, can be written as
s Ap(x)Ay(x;)

=)
ny,

En(r) = — 1. (14

r<|x;—x;|<r+Ar

Here, 71;, is the mean observed abundance of tracers, which
can be defined as i1, = N~ 'Y ;7,(x;), where the sum runs
over a large number N of random locations. We now let Ar
go to zero, and take the expectation value of Eq. (14):

(Ap(D)AL(2))
()

where “1” and “2” stand for two arbitrary locations
separated by a distance r. Following the reasoning above,
the derivatives of Fj; with respect to 6, at the two
locations separated by r are independent random variables,

(Enlr)) = -1, (15)

(Fi (05 )F3(0: %)) = (FL) (0 X )XFL(0:%,).
(16)
Using Eq. (7), we can then write Eq. (15) in terms of the

statistics of the coarse-grained density field 6;, and the
coefficients c,,:

Y L CADLACD)
Gy = SIS 1)

Similarly, we can define the tracer-matter cross-correlation
function (assuming that §; is observable somehow) and
obtain its expectation value:

Z ﬁh(xi)SL(Xj)

Enm(r) = : (18)
ny

r<|x;—x;|<r+Ar

(Ay(1)8,(2)) _ Z°:1f,—’i<5"(l)5L(2)>
(Ap) o (81)

(Epm(r)) = (19)
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These expressions involve sums over moments of the
density field, which contain disconnected pieces such as
(82), multiplied by the bare bias parameters c,,. The con-
vergence of this sum of R;-dependent coefficients multi-
plying R; -dependent disconnected moments is apparently
only assured in the general case if o7, and higher moments
of the density field, are much less than 1, since terms of
order (87 ) appear at arbitrarily high n. On the other hand, a
physically reasonable perturbative bias model for &;,(r),
&,m(r) should converge as long as the connected matter
correlators are much less than 1, independently of the
choice of the fictitious coarse-graining scale. Thus, our
goal is to reorder the sum in Eqgs. (17) and (19) into a
sum of R;-independent coefficients by multiplying only
powers of connected matter correlators. This can be seen
as a renormalization of the “bare” coefficients ¢, into
“renormalized” bias parameters by. We will see below
that they have clear physical significance.

We can expand the correlators into connected parts
(cumulants) as follows. The correlator appearing in the
cross correlation Eq. (19) can be written for any statistical
field as

n

@rs, ) =3 (;)wwxamnaaz»c, 20)

N=0

where the subscript ¢ denotes connected correlators. Thus,
Eq. (19) can also be written as

C

o l &c, & n .
<§hm(r)>=w';m§0( N)<6L )Y (1)8,(2)., (1)
where we have defined

N = ;}%«m (22)

The density field correlator in the autocorrelation Eq. (17)
is more complicated. As shown in Appendix A,

ooy =337 Yo ') Jobeor o5 @

k=01=0

where (+),, denotes a disconnected correlator that, when
expanded into cumulants, does not contain any zero-lag
pieces, i.e. no factors that asymptote to a constant as
r — oo [see Eq. (A12) in Appendix A for a mathematical
expression of this definition]. We will restrict to the
Gaussian case here, and postpone the discussion of non-
Gaussian density fields to Sec. IV and Appendix A. The
no-zero-lag requirement entails that &, (1) and 8, (2) have
to appear in equal powers in “nzl” correlators. Defining

EL(r) =(6,(1)8,(2)), (24)

we obtain

Gaussian

<62(1)6Zn(2)>nzl - n![fL(r)]nanm' (25)
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The factor n! comes about because there are n! ways to
contract 2n factors of 8; [n of §;(1) and 6;(2) each] into a
product of n correlation functions. Further,

81y = (n — Do} (26)
for n even, and zero for n odd. This yields

min (n,m)

GrspepyTET Y

k: n—km—keven

X (k)(’z )k!az+'"—2k[fL<r>]k.

27)

(n—k=1DNm—k—1)!

B. PBS and bias parameters

So far, all we have done is divide the Universe into
fictitious regions, and describe the number density of trac-
ers in regions in terms of a function F;, ; [Eq. (6)]. We were
then able to formally express the correlations of tracers in
terms of the statistics of the matter density and the deriva-
tives of the function F};, all of which depend on the
coarse-graining scale R; .

‘We now turn to the peak-background split argument, and
the definition of the PBS bias parameters with respect
to density. The argument can be summarized as follows:
if the description of the clustering of tracers solely through
their dependence on &, is sufficient, then the expected
abundance of tracers in a region U characterized by a
coarse-grained overdensity o; = D is sufficiently well
approximated by the average abundance of tracers {(#;,) in
a fictitious Universe with modified background density

p'=p(1+D), (28)

where p is the actual background density.

The advantage of this approach is that we only need a
prediction for (#;,) as function of the background density p’
to calculate the statistics of tracers; no knowledge of the
function F;; is necessary. Note also that this is directly
connected to the derivation of bias (linear bias in that case)
in the relativistic context presented in [22]. Specifically, we
are working in the synchronous gauge where all space-time
points on an equal-coordinate-time hypersurface share the
same cosmic age. Correspondingly, when calculating {7;,)
for varying p’ it is crucial to keep the age of the Universe
fixed.

Thus, we now consider the case where we perturb the
background density by Ap = Dp, where D is an infini-
tesimal parameter. Thus, in a region with overdensity &,
the matter density is perturbed to

pr=p(1+8,)—p(l+6,)+Ap=p(l+35,+D).
(29)

Note that we add a fixed amount of uniform matter density
everywhere; we do not rescale the local matter density p by
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1 + D, which would also amplify the fluctuations 6. We
can obtain the average number density of tracers (A;)
(more precisely, the expectation value of the estimated
mean number density in some volume) in such a
Universe from the expansion in terms of coarse-grained
6., Eq. (11):

A - c’l n
()lp = (Fpr(0)) 3 (8L + D)), (30)
n=0"""
where F),; and c, both refer to the Universe with back-
ground density p, i.e. D = 0.
Let us now define the peak-background split bias
parameters by (N = 1):

1 aM@aplp
by =~ . (31)
N (alp= 9DV | p=o
Using Eq. (28), we can also write this as
=N N/»
pY oNi,)
b = — , (32)
N A opY

where the derivatives are evaluated at the fiducial value of
p. It is worth emphasizing the difference between these
bias parameters and the ¢, defined in the last section: the
by quantify the response of the cosmic mean abundance of
tracers to a change in the background density of the
Universe; specifically, they do not make any reference to
the regions ‘U, or the scale R;. The ¢, on the other hand
quantify the average response of the abundance of tracers
within a region ‘U to a change in the average density 6,
within that region, evaluated at 6, = 0; they thus neces-
sarily depend on the filter function W; and scale R;.
Further, there is no “scatter” in the defining relation
Eq. (31) for the PBS biases, although the values for by
measured in reality will clearly have a finite error bar as we
can only approximate this relation within a finite volume.

The by are closely related to the resummed bias propa-
gators defined in [11] [see Eqgs. (83) and (84) there], while
the bare bias parameters c,, correspond to the bare propa-
gators [Egs. (1) and (2) in that paper].

Using Eq. (30), we can derive an algebraic relation
between by and c,,:

by = (87 (33)

N z 2 1! (n N )'
By reordering the sum in Eq. (21), we immediately see that
the tracer-matter cross correlation in terms of the PBS bias
parameters is given by

e}

3 5y 16,2, (34)

N=1

<$hm(r)> =

This is the well-known bias expansion of the tracer-matter
cross-correlation function. However, note that the matter
correlators appearing here are the connected correlators.
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In particular, in the case of a Gaussian density field we
obtain

(Epm(r)) = bi€L(n), (35)

i.e. the tracer-matter cross-correlation function is simply
proportional to the linear matter correlation function (the
same conclusion was reached by [28], who only considered
Gaussian density fields). Similarly, using Egs. (33) and
(27) we can reexpress the autocorrelation [Eq. (17)] as

s v by

Gy =3

N,M=1

This relation straightforwardly generalizes to the cross
correlation between two different tracers h, h,, yielding

R 00 b(l) b(2)
<§h,h2(”)>= Z N' M

N,M=1

<8N(1)6M(2)>nzl’

where bg\’,) denotes the PBS bias parameter for tracer h;
[Eq. (34) is of course a special case of this, with b; = 1,
by~ = 0 for matter].

Even though Eq. (27) assumes a Gaussian density field,
Eq. (36) is in fact valid for a general non-Gaussian density
field. The proof in this case requires somewhat more effort
and is given in Appendix A. We point out that the deriva-
tion of Eq. (36) is equivalent to the renormalization of
multipoint propagators [10,11,29], and valid for general
statistical fields. Note that there is no bg; the expressions
Egs. (34)—(36) only involve terms with by for N = 1. In
the Gaussian case, Eq. (36) further simplifies to

o 72
&)= 3 Mg, 1 (37)
N=11V:

Equations (34)-(37) achieve the desired result: an
expansion of the tracer correlation function in terms of
R; -independent bias parameters which multiply powers of
the matter correlation function &;(r) (or, more generally,
no-zero-lag correlators). The series in Eqs. (36) and (37)
have a convergence radius set solely by the values of the by
and the amplitude of the matter correlation function at
scale r, which is what we expect from a physical bias
expansion.1 On the other hand, in the bare bias expansion,
Eq. (17), terms of order o} appear at every successive
higher order, suggesting that we need to coarse-grain
the density field on quasilinear scales in order for the
expansion to be perturbatively valid. This of course would
be disastrous for any sharp features in the correlation

'If b2 %/N! grows faster with N than an exponential, e.g., if
by ~ N“N with a > 1/2, then the series does not converge for
any r. In this case, our approach does not make a prediction for
the clustering of tracers in the large-scale limit. Through
Eq. (31), this essentially means that (A;) is defined only for
one exact value of p and nowhere else, which is clearly not a
physical behavior.
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function; for example, choosing a coarse-graining scale
of R; = 30-50 Mpc/h would erase the baryon acoustic
oscillation (BAO) feature at » = 150 Mpc/h. In the PBS
bias expansion, there is no need to choose a coarse-
graining scale this large. Rather, the validity of the result
Egs. (34)—(37) is determined by the requirement that any
residual dependence on R; be negligible.

Another important property of this expansion is that the
same PBS bias parameters describe both the matter-tracer
cross correlation and the tracer autocorrelation, which is
what we expect from a physical bias expansion (the
corresponding statement in Fourier space is complicated
by the small-scale effects such as stochasticity, shot noise
and halo exclusion which contribute to the tracer power
spectrum at all k).

One crucial advantage of this approach is that we have an
indicator for when the underlying assumptions break down:
if evaluation of Eq. (36) shows that the result is in fact
R; -dependent, then we know that the underlying assump-
tions, in particular the description 7,(x) = F), (6, (x)),
break down. One then has to identify the physical reason
for this R;-dependence, and add a dependence of the
tracer number density on additional parameters which
will absorb (“renormalize’”) the R;-dependence. We will
see two important examples of this in Secs. III and I'V. First
however, we will derive the PBS biases for the widely
considered case of universal mass functions, and then
illustrate the approach on a concrete example of biased
tracer: regions above threshold.

C. PBS biases for universal mass functions

The mean abundance of tracers such as dark matter
halos of some mass M, is often parametrized in the
form

iy = pf(we). (38)
O, _dno,
VCZO__*, *_dlnR*’ (39)

where o, is the variance of the linear matter density field
on scale R., R, is related to the mass M, through
M., = 47/3pR3, and 8, is the linearly extrapolated thresh-
old for collapse. Further, f(v,) is in general an arbitrary
function of w».. The Jacobian J, is present in order
to convert from an interval in o, to a mass interval.
Equation (30) is referred to as a ““universal mass function”
and was originally motivated by the excursion set formal-
ism [30]. It is a special case of a more general description
of mean tracer abundance we will consider in Sec. IV E.
In order to derive the bias parameters Eq. (31), we need
to know how 7i;, changes under a change in the background
density of the Universe [Eq. (28)]. Since we work in the
Lagrangian picture, we will ignore the trivial dependence
through the p prefactor in Eq. (38). The threshold &, is
defined as the fractional overdensity a region must have
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to collapse® at a fixed proper time #,. In an Einstein-
de Sitter Universe, a spherical perturbation with a
mean initial fractional overdensity &, = 1.686, i.e. with
p(<R, 1) =[1+ a(r)8,]p(r) average interior density for
a(t) < 1, collapses at a = 1. The same reasoning also
holds for more general expansion histories, where &,
assumes other values. Since the evolution of such a
perturbation is independent of the external Universe
(by Birkhoff’s theorem), a perturbation of the same physi-
cal density p. will collapse at the same proper time in a
Universe with perturbed background density p’ = p(1+ D)
as well. The significance v, = 8,./0. = (p. — p)/SpPrMs
quantifies how rare fluctuations above a physical density
threshold p. = (1 + 6.)p are given the rms fluctuation
amplitude Spryms = 0.p. Clearly, if we add a uniform
matter density component Dp, the critical overdensity
changes to

pe—p' =(01+8)p—(1+D)p=(5—D)p. (40
Thus, the significance is modified to

~p _8.-D
=P P 07 @1)
o p .

For a mass function of the form Eq. (38), changing the
background density is thus equivalent to changing 6, —
6, — D. Equations (38) and (31) thus immediately yield

DY MG DY 1 dYf)
U ST e T B S

This is the widely known expression for the peak-
background split bias parameters, which in our approach
is a special case of Eq. (31).

D. Application to regions above threshold

We now turn to a simple example of tracer for which an
exact expression of the tracer correlations is known.
Precisely, we define our tracer to be a region where the
density field 6 is above a fixed threshold 6, = v.o ., where
o, is the rms fluctuation of the density field and v, an
arbitrary fixed parameter. The density field can be thought
of as smoothed on some scale r.; however, since for our
purposes this scale is irrelevant, we will not make this
smoothing explicit in our notation in order to avoid con-
fusion. Note also that we do not make any assumption
about v,, such as the “high peak limit.”” In the present
case, unlike peaks of the density field, the tracer population
is not a (countable) point set. Rather, tracers cover a finite
volume, and the tracer number can be defined as a con-
tinuous field

Ny(x) = O(8(x) — v.0.). (43)

2Since general relativity is scale-free, this threshold is inde-
pendent of the size and enclosed mass of the perturbation.
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The number density of tracers as defined earlier in this
section is then given by

(%) = [ PYN, W, (x — y). (44)

We first review the exact approach to the clustering of such
“tracers,” and then investigate the PBS prediction. Note
that essentially all these results have already been derived
in [11,31-36]. However, we review it here in light of the
discussion presented above.

1. Exact calculation for a Gaussian density field

The mean “number density”” {7, of the tracers defined
above is simply given by the fraction of the total volume
that is above the threshold v .o,

(fip) = P1(v,), (45

where P(v,) is the probability that the density field at a
random location is larger than v.o,. If the underlying
density field follows Gaussian statistics with variance o,
Py is given by

0 1 v
Pi(v,) = —= [ dxe ¥/ = _ erfc(—c). (46)
1\Fe /_7T " 2 \/5
The exact expression for the two-point correlation function
of our “tracers,” &,(r), is then given by the probability of

finding two peaks P, separated by r, relative to the random
probability (Sec. III B of [31]) through

_ PZ(VL‘; r) _
&) = p T
£
Z

2 » v,
oL@ E e

Here, £(r) is the two-point correlation function of the
underlying density field smoothed on the scale R., so
that £(0) = o2.

[Hy_\(v)Pe .

(47)

2. Peak-background split calculation

Equation (36) gives the tracer correlation function in
terms of the PBS bias parameters and powers of &;(r).
Note however that given the explicit relation between 7,
and 6 through Eq. (43) in this simple example, the division
into regions ‘U is a purely conceptual device here, and we
can always set R; to be equal to or smaller than the
smoothing scale adopted in the thresholding approach.
Hence, we will drop the subscript R; below.

The PBS bias parameters are defined by Eq. (31). Given
our definition of tracers as regions where 8(x) > &, or
equivalently, p(x) > p(1 + 8,.), we see that a fractional
change D in the background density is equivalent to a
change in the threshold J.:

PHYSICAL REVIEW D 88, 023515 (2013)

p—p(l+D)=6.— 6. —D. (48)
Hence, the PBS bias parameters are given by
—1)N oV -V 1 d'pP
py = V" G _ (D) )
(Apy 0862 o P(v.) dvd

This of course can also be derived by noting that the
“abundance” of regions above threshold Eq. (45) is a
special case of universal mass functions [Eq. (38) without
the Jacobian factor which is irrelevant for the by], so that
Eq. (42) applies. By using the generating function of the
(probabilists’) Hermite polynomial

H,(x) = (—1)"e*/? @ ——(e7™/?) (50)
dx"

we calculate the nth derivative of P; (n = 1) as

d"P, d(’"”( e—V?/z) (1) H,_( )e—vf/z
= - = \— n—1\WVe) —F/—.
avp @O\ 2w N

&1

Thus, we can explicitly write the PBS bias parameters for
our tracers:

by = J%[erfc(j—%)] lea_t/z Hy_(v,). (52)

Inserting this into Eq. (37), we immediately obtain the PBS
prediction for the correlation of thresholded regions:

We see that this agrees with the direct calculation, Eq. (47).
A mathematically similar derivation was presented in [31].
The difference is that in [31], we used Eq. (49) and (47) to
infer the general relation Eq. (37). Here, we are simply
illustrating how the independently derived Eq. (37) applies
to the case of thresholded regions, a case where we know
explicitly the function F),; (6;). As proven in the previous
section, Eq. (37) and the much more general Eq. (36) apply
to any tracer as long as the dependence of the tracer density
on other quantities apart from the matter density can be
neglected.

One alternative to the simple local bias expansion
Eq. (1) in the context of thresholded regions is to expand
Eq. (43) in terms of Hermite polynomials, as done in
[11,32,36] (see also [3.,4]):

O —v)=> a,(v.)H,(v) (54)
n=0

where v(x) = §(x)/0., and

erfc(71-1/ ) n= 0. (55)

a,(v.) =
e e "2H, _(v.) n=1
v72_ﬂ. n—1

|,_. [SIE

:

023515-8



PEAK-BACKGROUND SPLIT, RENORMALIZATION, AND ... PHYSICAL REVIEW D 88, 023515 (2013)

The bias parameters they obtain are exactly equal to our renormalized PBS bias parameters, Eq. (52). The reason for this is
that, in the Gaussian case, the Hermite expansion ensures that no disconnected pieces remain in the correlation function

expression Eq. (17). Specifically, denoting »; = »(x;), we have

<H11(V1)Hm(V2)> =

0 o :
%f, dVlHn(Vl)/ioc deHm(Vz)eXP(g(r;Z) T

)e—(V%‘FV%)/Z
(o 81/181/2

- ZNv<§((:.12)) delH (v)Hy(v))e” 2/2[611/2]‘1 (v2)Hy(vy)e "2

27
( ("12)>”

The Hermite expansion is thus an elegant way of directly
obtaining renormalized bias parameters in the case of
thresholding in a Gaussian density field. However, the
additional contributions obtained in the non-Gaussian
case spoil this renormalization of all zero-lag terms, as
we will see in Sec. I'V.

III. SMOOTHED CORRELATION FUNCTION
AND CURVATURE BIAS

Above we explained that the expression of the tracer
correlation in terms of PBS bias parameters and connected
matter correlators [Egs. (36) and (37) for the general and
Gaussian case, respectively] should be numerically insen-
sitive to the value of the coarse-graining scale R; . Further,
a significant R;-dependence indicates the breakdown of
our assumption that the tracer density is a function only of
the local coarse-grained density.

For r > R;, and as long as &(r) is smooth (e.g., a power
law), the smoothed version of &(r), &;(r), will not
differ significantly from £(r). However, if £(r) has some
features on a scale 6r < r, such as the BAO feature with
Sr ~ 20 Mpc/h, then the condition for R; -independence
becomes much more restrictive: R; << 6r. We now show
how the R;-dependence induced through &;(r) can be
cured.

For a general isotropic filter function [see Eq. (B1) in
Appendix B] the effect of smoothing on the correlation
function £(r) can be perturbatively described through

d'&
@m)
P
Qm)}
= E(r) + 2RIV E(r) + O(VHE(r), (57)

§r(r) = IWL(K)I>P(k)e™ ™

(1 = 2R3 + O(K)P(K)e'™ T

by suitable definition of the parameter R; . In Appendix B,
we give the general expansion of W, (k) [Eq. (B2)] and
the expansion of &;(r) in terms of derivatives of &(r)
[Eq. (B3)]. Thus, if R? V2 £ is comparable to £, our require-
ment of R;-independence does not hold. In our approach,
this signals a breakdown of the underlying assumption
that tracer statistics can be described purely by their

(56)

dependence on the local matter density. Instead, let us
assume that the local number density also depends on the
coarse-grained Laplacian of the density field, i.e. the
curvature:

An(x) = F,0(8,(x); V28,(x); X). (58)

The Laplacian is the lowest order term in derivatives of §;,
because a dependence on the gradient of 6; would imply a
preferred direction.” In general, we now have to perform a
bivariate expansion of the function F),; in §; and V2§, .
Let us for now restrict to lowest order to keep the treatment
clear, and consider the Gaussian case. The expansion
to higher orders in derivatives of §; is described in
Appendix B. The tracer autocorrelation becomes

En(r) = c}(8.(1)8,(2)) + 2¢10y25(5,(1)V28,(2))
+ O(V4¢)
= A[E(r) + 2RIVZE(r)] + 2¢ie025VEE(R).  (59)

Here, we have defined

Vo = TF, 0 \a(v2s,)

(60)

5L=0,v25L=0>

Equation (59) is again phrased in terms of (in general)
disconnected matter correlators and R;-dependent
bare bias parameters. We now need to introduce an
R, -independent PBS bias parameter for V2§ as defined
in Sec. II B for the density itself. We would like a trans-
formation where the Laplacian of the density perturbation
shifts by a constant:
a
V25 ,(x) = V28(x) + ik (61)
where « is a dimensionless small parameter, and we have
added a length scale €. This corresponds to

8,(x) = 8(x) + 6(17()(2 +A-x+0), (62)

*Terms such as (V8,)? could however appear at second and
higher order.
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where A and C are constants and the center of the region
considered is chosen as the origin. We are not interested in
adding a gradient to the density field and hence set A = 0.
Note that Eq. (62) is only defined for a region of finite size
(e.g., a simulation box), so that (n,) in the following is to
be considered as an ensemble average over many such
finite regions. We will also set C = 0 so that 5(0), at the
center of the region considered, is unchanged (a constant
shift in & such as described by C just corresponds to the
density bias transformation of Sec. II B). Thus,

8,(x) = 8(x) + %x% 63)

We can now defined a (renormalized) PBS bias parameter
through

€ 9, (0))
<ﬁh> Ja oz=0‘

Defined in this way, the scale € will disappear out of the
final expression for the tracer correlation function (note
that by2 5 has dimension length squared). In order to derive
the relation between by: 4 and the ¢, we need the behavior
of both §,(x) and V?§,(x) under the transformation
Eq. (63). The latter is immediately obtained as

byrs = (64)

V25, o(x) = V26,(x) + % (65)

We are interested in the change of J; near the origin (the
center of the region U). In analogy with Eq. (57), we
obtain

1
0.0 = [@yWi| 5 + 5 v
2
— 5,(0) + a%. (66)

Thus, Eq. (58) yields at lowest order
52
byry = ——
V0 F,.(0)
% (th,L((SL: 0) & th,L(O’ v2(sL) a(v28L))
a6, da a(V26,) da
= CIR% + Cy2g. (67)

Now, we can write the generalization of our previous
result, Eq. (37), at lowest order, assuming we absorb the
smoothing effect on £(r), as

‘fh(r) = b%‘f(l‘) + Zblbvzévzf(r)’ (68)

where the factor of 2 comes from the two permutations
when writing down all mixed no-zero-lag correlators
between & and V28. Using Eq. (67), this is equal to
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£n(r) = c1€(r) + 2[IR] + c1o925]V2E(r) + O(VHE(r),

exactly matching the result of Eq. (59). Thus, by introduc-
ing a dependence of the tracer density on the Laplacian of
the density field, and a corresponding PBS bias parameter,
we are able to absorb the effects of the coarse-graining on
the correlation function. Moreover, in Appendix B we
show that this continues to arbitrary powers of derivatives,
and that the PBS bias parameters can entirely absorb the
smoothing effect on &; [Eq. (B16)]. Specifically, up to
order V*£(r), we obtain

En(r) = bIE(r) + 2b by2sV2E(r)
+ [(bg2s)? + bybyasIVAE(r). (69)

There are two important implications of this result. First,
our approach, which does not make any assumptions on the
tracers themselves, generically predicts the existence of a
bias with respect to V2§, which in k-space corresponds to a
scale-dependent bias « k?. One can interpret this as the
statement that the tracer density is in general not a truly
local function of the matter density, but depends on the
matter distribution within a finite region whose character-
istic scale is given by m.

Second, the definition of the PBS bias parameter by:4
[Eq. (64)] has a clear physical interpretation: it corresponds
to the response of the tracer number density to a uniform
shift in the curvature of the density field [and shifts of
higher derivatives in the general case, Eq. (B4)]. Below we
will show how this bias can be evaluated for an analytical
example, peaks of the density field. A quantitative test on
N-body simulations will be the subject of future work.

Beyond linear order in the matter correlation function,
one in principle has to expand the tracer density in a
multivariate bias expansion of V"8, (n = 0). Although
we have only shown that this expansion removes the
R;-dependence contained in &;(r) at linear order in &,
we expect this to be the case for higher orders as well. In
practice, the suppression of by2zV>' € compared to &
ensures that one only needs to keep a finite number of
terms.

A. Connection with the peak model

In the peak model, we identify large-scale structure
tracers with discrete peaks of the density field above
some threshold &,. These distinct peaks constitute a point
set (in contrast to the regions above threshold considered in
Sec. IID). For a Gaussian density field, it is possible to
calculate the two-point correlation of these peaks exactly
[37,38]. It is well known that peaks exhibit a scale-
dependent bias in Fourier space = k> which is equivalent
to a bias with respect to V28 [37-39]. In this section, we
show how the approach outlined in the previous section
relates to this model.
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Asin Sec. II D, we smooth the density field on a scale R,
and define the local significance v(x) = 8(x)/o.. Note
that the smoothing scale here is physical, unlike the ficti-
tious coarse-graining scale adopted in the renormalization
approach described above. Apart from R.., which is usually
identified with the Lagrangian radius of the halos consid-
ered and is irrelevant for the discussion here, the peak
model by itself does not involve any other coarse-graining
scale. We begin by outlining the derivation of the mean
number density of peaks, which follows Appendix A of
[40], but will use the slightly different notation of [37,38].

The location x, of a peak is defined through constraints
on the overdensity & (or equivalently v), its gradient
n = V4§, and its Hessian {;; = 9,9;0:

A (x), Ay(x), A5(x) >0,
(70)

v(x,)>v.o.;  mx,)=0;

where v, = 8./0. is the scaled threshold, and A; are the
eigenvalues of ¢;;. Let V denote the ten-component vector
consisting of v, 1, and the six independent components
of {;;. The differential (in terms of ») mean number density
of peaks is then given by

i () ] Sp(v = 1)8(MOA)O(1)O(As)
X ¢~V g0y

o(V) = %VTM”V, (71)

where M is the covariance matrix of V. The most difficult
part of the calculation is deriving the integration region and
measure of V, but we will not need to deal with this
explicitly as we are only interested in how 7, transforms
under a change in Inp and under the transformation
Eq. (61). Following Bardeen et al. [40] we introduce new
variables u, y, z (u is their x), where in particular

T V25
u=— = - ’
(4] %)

o3 =((V?8)%),  (72)

corresponds to minus the curvature of the density field
scaled to unit variance. The log-likelihood Q then becomes

u— u.)?
2Q = V2 + % + 2Q+, (73)
where
u, =vyv, and vy = (vu) (74)

is a scaled spectral moment quantifying the correlation
between v and u. 2Q, is the log-likelihood of y, z, 7,
and the other components of {;;, and is independent of
v and u.
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Bardeen et al. [40] then find for the mean differential
peak number density

1 2
fpk = WGO(% yv)e Vil2, (75)

where R, is the characteristic radius of a peak (Eq. (19) in
[38]), and

e, ew(oas)
Go(% M*)—j;) duf(”)m (76)

Here, f(u) is a function encoding the integral over y and z
which accounts for the asphericity of the peak profile [40].

Going back to Eq. (73), we see that adding a uniform
density component corresponds to a change in the thresh-
old as described in Sec. II D, whereas the other variables u,
v, z are not affected. Thus, the density bias parameters are
given by

by = X 77)

where 6, is the height of the density threshold. These PBS
bias parameters precisely agree with the coefficients of
&(r) and [£(r)]? derived from an explicit computation of
the peak two-point correlation function [38]. The relation
Eq. (77) was already pointed out in [15].

More interesting in this context is the derivation of the
bias with respect to V28. We consider the transformation
Eq. (61) in a region of finite size €, so that the effect on the
density and v is negligible if @« < 1. Thus, all components
of the vector V are unaffected with the exception of u.
Instead of following a Gaussian of mean zero and variance
of 1, u is now Gaussian-distributed around (recall the
minus sign in the definition of u)

a

<M>a = - W’

(78)

with unit variance. Thus, the log-likelihood Eq. (73)
changes to

1 o4 2
20(a) = v* + = <u + Y — u*) +20,. (79

Clearly, this is equivalent to changing

a

—. 80
e (80)

Uy — Uy —

The remainder of the calculation of 71, follows through as
before, since it is independent of the distribution of u. We
thus obtain for the renormalized curvature bias [Eq. (64)]
in the peak model
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b L0 |1 iy
Npk Ja a=0 Ny 02 ou, U=V,
_ 1 G (y, u.)
GO(Y’ ’ch)O-Z au* U =YV,

_lu=ywe)?

Gy fooo d”(ul__ J;I;C)f(u) \/%—)%)

= _L(M) (81)

o) 1_')/2

where i is the mean peak curvature (i.e. the integral of u
times the integrand of G, normalized by G, and evaluated
at yv,). Equation (81) is precisely the scale-dependent bias
parameter by; found in [37,38], except for a minus sign
which arises from the fact that these authors defined b, as
the linear bias associated with o,u = —V?§. The biases
with respect to higher powers of V2§ are obtained by
generalizing Eq. (81) to

(=DN  aNGy(y, yv,)
Go(y, u)o¥f oul

b(vZa)N = (82)

Us=7YV.

In particular, we find for the PBS bias with respect
to (V26)?

u—yv) —(1-7v%)

e,
b(V26)2 = (G()O'%) lj(; du (1 — ’y2)2 f(l/i)
_(u—yre)?
v e 212
V27 (1 — y?)
_ 1 <(u - ’yyc)2>pk . 1
B 7%[ (1-y)*  1- 72]’ ®3)

in agreement with by, as derived in [41]. Note that by
construction, the peak model does not predict any biasing
with respect to higher than second derivatives of the
density field (bgzg = 0 for n > 1).

Desjacques et al. [38] were also able to derive the scale-
dependent bias by, = —by2s from a peak-background
split calculation. However, they employed a conditional
mass function, i.e. the number density of peaks given a
(spherical) overdensity on a much larger scale Rz > R,
whereas here we derived all PBS bias parameters from the
unconditional mass function (this is also the approach
taken by [41]). Nevertheless, all these treatments are based
on a similar reasoning, i.e. a long-wavelength perturbation
shifts the mean curvature (in the case of [38], the shift is
correlated with the density), and lead to the same final
result. Note that the peak-background split approach can be
generalized to derive full expressions for the peak correla-
tion functions [41], which also include dependencies on

more general rotational invariants, such as (66)2 and
[(9;0; — 8;;V?/3)8]*. These are present in the clustering
of peaks, even though it is not necessary to introduce them
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in order to cure the R;-dependence of &, induced by
smoothing, as we have seen here and in Appendix B.

It is important to note that the peak model is fundamen-
tally different from local bias expansions in the sense that it
only involves a physical smoothing scale R, and no further
coarse-graining. Nevertheless, the term o by, V2§ in Epk 18
equivalent to the generic by2 4 term in &;,. Namely, by, V28
restores the contrast of the baryon acoustic oscillation,
otherwise smeared out by the filtering in b3,&, [37].
Moreover, in general by, can be greater than ~R2 so that
the contrast of the BAO in the peak correlation & (r) can
even be enhanced relative to that in the unsmoothed mass
correlation &(r) (see Fig. 5 in [37]). However, subsequent
gravitational evolution suppresses most of this scale-
dependence (expected to be at the few percent level at
the time of collapse [38]). We expect this to be a general
feature of a V2§ bias specified in Lagrangian space.

IV. NON-GAUSSIAN CASE

We now return to the case of a tracer which can be
sufficiently well described by density bias, i.e. we neglect
the curvature bias corrections, but consider the case of
initial conditions that are non-Gaussian. Specifically, we
will first focus on the case of local primordial non-
Gaussianity, which has been shown to lead to a large
modification of clustering on large scales; general shapes
of non-Gaussianity will be considered in Sec. IV D.

The derivation in Sec. II can be generalized to a general
non-Gaussian density field, in which Eq. (36) formally
retains its validity (see Appendix A). However, one can
easily show that in general the resulting tracer correlation
function depends on the coarse-graining scale R;. At low-
est order the tracer autocorrelation becomes

&n(r) = b1&L(r) + b1bx(8.(1)87(2)) + O(87),  (84)

the second term being the leading non-Gaussian correc-
tion. For primordial non-Gaussianity of the local type,
and in the limit » > R;, the second correlator is given
by [see Eq. (97)]

(6,(1)87(2)) = 4f\Lo7 Es(r), (85)

where £ 45 is the cross correlation between the matter and
primordial Bardeen potential ¢. Given the appearance of
o?, Eq. (84) is strongly R, -dependent. This indicates that
the description of the tracer density as a function of the
matter density §; alone is insufficient even on large scales
in the non-Gaussian case.

Instead, we need to include a dependence of the tracer
density on the amplitude of small-scale fluctuations. This
dependence is present regardless of the nature of the initial
conditions; however, only in the non-Gaussian case are
there large-scale modulations of the small-scale fluctua-
tions, due to mode coupling, whereas in the Gaussian case
we were able to neglect the small-scale fluctuations in the
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large-scale description. In general, one would imagine that
the abundance of tracers depends on the amplitude of
small-scale fluctuations on a range of scales. However,
for simplicity we will parametrize the dependence through
the variance of the density field on a single scale R,. In the
local model, which we will focus on here, this is sufficient
in any case as all small-scale fluctuations are rescaled
equally (in the large-scale limit), so that the value of R,
becomes irrelevant for the final result.

While we focus on primordial non-Gaussianity of
the local type here, the extension to other types of
non-Gaussianity is straightforward (see Sec. IV D).
Furthermore, we only rely on the description of the density
field in terms of N-point functions, with the three-point
function being the lowest order non-Gaussian contribution
which we focus on here. That is, we do not rely on a
fictitious Gaussian field from which the non-Gaussian field
is constructed. This is different than the approach taken in
[16,42,43], where the separation of scales is typically
applied in the fictitious Gaussian field, and an application
in the physical non-Gaussian potential is not straight-
forward to implement [16].

We first define the small-scale density field as the local
fluctuations around the coarse-grained field &, :

8,(x) = 6.(x) — 8.(x)

= [d3y[W$(X -y — W, (x —y)léy)

3
- f % W, (k) 5(k)e, (86)
W (k) = W.(k) — W, (k). (87)

In Fig. 1, 9, is illustrated by the thin black line in the lower
part of the figure. Note that as k — 0, W (k) = k2, i.e. the
long-wavelength modes are filtered out as desired. This
implies that the cross correlation between &,(x) and the
density field z(x) smoothed on some scale R goes to zero
as R becomes much larger than R; :

3
LK WP 2R, (88)
(2m)
and similarly for (8,(x;)8,(x,)) if |x; — x| > R;. We
further use the notation

(8,(x)0g(x)) =

Ik
2m)*

We quantify the dependence of the tracer abundance on the
amplitude of small-scale fluctuations through

162
¥a(x) EE( jf(;)— 1), (90)

oy =(8) = IW(k)|*P(k). (89)

where the subscript * refers to the smoothing scale R,,
(y,) = 0, and the factor of 1/2 is included to obtain ex-
pressions which conform to standard convention later on.
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In the Gaussian case, £,(r) — 0 for r > R;, so that the
small-scale density field and y.. in particular have no large-
scale correlations. In the non-Gaussian case however, y.. is
in general correlated with long-wavelength perturbations.
Note that (5,(1)5,(2)) vanishes by construction on large
scales [Eq. (88)], so that it is natural to start the expansion
with the leading term §2.

We now generalize Eq. (6) to explicitly include the
dependence on y.,,

iy (x) = Fh,L(aL(X): ¥y« (X); X). 1)

Although our approach here is formally similar to the
bivariate local expansion in &; and ¢; adopted in
[18,26,43], there is somewhat of a conceptual difference
in that we expand 7i;, purely in terms of properties of the
matter distribution. The effect of non-Gaussianity and the
fact that it derives from a potential ¢ only enter through
the expressions for the correlators between 6; and y, here.
The nature of non-Gaussianity thus decouples from the
description of the tracers (which only know about the
matter density field) in this approach.

We can now repeat the derivation of Sec. II, including
this additional dependence. All arguments about the
residual scatter from the deterministic relation Aj,(x) =
A8, (x), y«(x)] and its negligible correlation with long-
wavelength perturbations made in Sec. II also apply here.
In fact, the dependence of 7A,(x) on y.(x) is a source of
uncorrelated scatter in the Gaussian case which becomes
correlated with long-wavelength perturbations in the non-
Gaussian case. This is another way of seeing why we need
to introduce the dependence on y. explicitly when dealing
with large-scale non-Gaussianity. Taking the expectation
value of Eq. (91), we obtain

() = (F) (O)F (s ym), 92)

Im!
n’mn.m.

where we have defined bivariate bare bias parameters
through

_ 1 <an+th’L
Com = n m
(Fy(0))\ 087 ay%

>. (93)
8,=0,y.=0

We then need expressions for the various cross correlations
of §; and y,. In the following, we will restrict ourselves to
the leading order terms, as the general expansion becomes
lengthy.

A. Primordial non-Gaussianity of the local type

We will consider a density field derived from a Bardeen
potential with non-Gaussianity of the local type. We will
restrict our treatment to leading order in the nonlinearity
parameter fy. At this order, the only relevant N-point
function is the bispectrum,
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B(ky, ko, k3) = M(k) M(ky) M(k3)B g (ky, ks, k3)
By(ky, Ky, k3) = 2f N [Py (k)P s (ky) + (2cyclic)].  (94)
Here,

2 K*T(k)g(z)

M =3 Q, HX(1 + z)

(95)
is the relation in Fourier space between the density and the
Bardeen potential ¢,

8(k, z) = M(k) (k) (96)

where T(k) is the matter transfer function normalized to
unity as k — 0, and g(z) is the linear growth rate of the
gravitational potential normalized to unity during the
matter dominated epoch. Further, we define M, (k) =
M)W, (k), M (k) = M(k)W,(k), and so on. We can
then derive the leading contributions in the large-scale
limit. As shown in Appendix C,

O . &Py [ Pk,
(B1(0312)) = | 5™ Muh fW b
X My (k) M (ko) bic i, i)
= 4fNLO%§¢3,L(r); 97)

where £,5, is the cross-correlation function between
the density coarse-grained on scale R; and the Bardeen
potential ¢, i.e.

Ik
(2m)?

&k,
Q2m)?

(0(k) (k).
(98)

Epsr(r) = eik'rWL(k)]

In deriving Eq. (97), we have expanded to lowest order in
k/k, (“squeezed limit” of the bispectrum), with the next
higher order being suppressed by (k/k;)? in this limit. We
will discuss this approximation in Sec. V.

Similarly, at leading order in f;, (see Appendix C),

2
(30 =3 {5,002 2)
1 [Pk, &Ly [ Pk,
“22 ) e ML(")[ Qmp ) @ny
X M (k) M (ko bi b, Pr,)
= 2fNL§¢5,L(V). 99)

This result can also be derived by using the well-known
property of local primordial non-Gaussianity that, in the
squeezed limit, the local variance of the density field is
rescaled by ¢(x),

(82N pw) = o2[1 + 4f . p(x)] + O(fFL).

and hence

(100)

Oy = 2 (%) + O(fFL), (101)
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which immediately leads to Eq. (99). Note that the corre-
lators involving y. are independent of the scale R, for local
non-Gaussianity, so that the choice of R, is arbitrary in this
case. We will see below how this changes for other types of
non-Gaussianity. Note that Eq. (99) implies that y.. is of
order ¢, i.e. linear in potential perturbations—in contrast
to the naive expectation that it is of order &2. Finally, we
note that (y..(1)y.(2)) is O(f%; ) and hence not included in
the following.

B. Correlations

We define the estimator for the correlation function
through Eq. (14) as before. The expectation value then
becomes

(o]

1 ComCn'm!
A2 Z Vol 1l |
N = _onimin'lm']

X (87 (1)ym(1)87 (2)yr'(2)) — 1,

where “1” and “2” stand for two arbitrary locations
separated by a distance r, and we have redefined

(En(r) =

(102)

- Cnm
N = Z_O o (81 yi).

(103)

Similarly, we obtain the expectation value of the tracer-
matter cross correlation,

% > %@Z(I)y’;’(l)&(z» (104)

nmn+m=>0"""

(Em(r) =

Again, these expressions involve the bare bias parameters
¢,m» and the mixed moments of &;, y, which contain
disconnected pieces. In the Gaussian case, Eq. (88) implies
the absence of any connected correlators involving §; and
v.. The powers of y, then only add zero-lag pieces to the
previous result Eq. (17), which are absorbed by corre-
sponding terms in JN'. Thus, the final result Eq. (37)
does not change in the Gaussian case if we include the
dependence on y..
Defining for convenience

fo =3 S0y~ L (105)
nm=0"""""
we have
1
En(r) = W[<f(1)f(2)> —(?1 (106)

where (f) = O(8?). In the following, we will expand &, to
order 64, and simultaneously to linear order in fy; [as long
as there are no other sources of non-Gaussianity, going to
0O(8%) is also sufficient to retain all terms linear in fy ].
Through the latter restriction, we avoid a large number of
quadratic and higher order terms in y.. We have
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N=1+()=1+ %ai + {8y + O(8?), (107)
and
2 C%o 4 2 5
fy = > L + c11000(8L Y007 + O(8°). (108)
Hence, £, becomes
1 €2 30 ) < €2 30 ) >
=— 81 + corys T 0y + =82 + =263 81 + corys T8y + =062 + =263
&n N2 {<(C10 L T Co1y crioLy 7 L 6 °L | C100L T Co1Y cioLy 5 %L 6 °L ,
_ C%o 4 _ 5 2
TO-L c11¢20€ Ly*>0-L
1
~ W[c%owL(l)aL(z» + 2¢10e01(BL (D12 (2)) + 1062081 (1)82(2) + e19e3002(8,(1)8,.(2))
2
+ ¢01¢3007(8L(1)y:(2)) + 2¢11620(8 (D). (2)X8(1)8.(2)) + 2%<8L(1)6L(2)>2i| + 0(8%) (109)

where we have used the symmetry under interchange of
locations 1 and 2, and

:(1)83(2)) = 3(r.(1)8,(2))02 + O(f%4,)
(8.(1)y.(1)82(2)) = 2(8,(1)y.(2)X58,(1)8,(2))
+{(8Ly)or + O(fRy).

Perhaps somewhat surprisingly at first, we have to
keep these terms whereas terms such as (87(1)y.(2)),
(6;,(1)y.(1)6,(2)) are higher order in fy; and thus
dropped. This is simply because the latter terms do not
have disconnected contributions.

Note that all completely disconnected terms, i.e. terms
that asymptote to a constant as r — o0, have canceled as
expected. We now use the relations derived in Sec. IVA.
Using Egs. (97)—(99), we obtain

(110)

1 c3
En(r) :W[(C%o +¢19¢3007)EL(r) +%§L(”)2
+ (2c19c01 + €o1€3007 +2¢10¢2007)2 NLE 35,1.(F)

"’20110202fNL§¢5,L(”)§L(F):|- (111)

C. Bivariate PBS bias parameters

In analogy to Sec. II B, we would like to introduce a
physically motivated bias parameter which quantifies the
response of the tracer number density to a change in the
amplitude of small-scale fluctuations, without making ref-
erence to any coarse-graining on the scale R; . The simplest
way to parametrize such a dependence is to rescale all
perturbations by a factor of 1 + & from their fiducial value,
where ¢ is an infinitesimal parameter. For example, for a
given realization of initial conditions of an N-body simu-
lation, one can obtain a realization with a different power
spectrum normalization by rescaling the initial density

perturbations by (1 + &).* Clearly, the variance of the
density field on some scale R, 0'%, is then rescaled to
(1 + &)?c%. Note that this means that the scaled cumulants
(6%)./ol are invariant, whereas the primordial non-
Gaussianity parameter fy; ~ Bg/P%, if nonzero, scales
as (1 + &)~ ! under this transformation. Specifically, under
this rescaling 6; and y, transform as

8.(x) = (14 €)d.(x) (112)
82 2
y*(X) - y*(X) + (8 + ?) 63(;)

gy

Note that the parameter o2 in the definition of y, is just a
constant normalization, and does not change under the
e-transformation. This is in analogy to keeping p fixed in
the D-transformation in Sec. 11 B.

We can then define a set of bivariate PBS bias parame-
ters by, by generalizing Eq. (31) to

1 N MAp e

b =
M App—oe—0  0DVagM

(113)
D=0,e=0

These parameters can be understood as follows. Given
infinite volume, the average tracer number density is a
deterministic function of the mean matter density p and
the amplitude of the fluctuations (parametrized, e.g.,
through the rms of the density field on some scale, o).
byy then denotes the N + M-th joint derivative of this
function with respect to In p and o, (more precisely, &) at
some fiducial values of p and .. Clearly, the parameters
by are independent of the coarse-graining scale R; .

As before, our next task is to derive the relation between
byy and c,,,,. We have from Eq. (92),

40f course, if one initializes using a second-order density field,
then the second-order part needs to be rescaled by (1 + &).
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(D, &) =(Fy (0) 3

n’mzon!m!
82 62 m
X <[(1 +e)d, + D]”I:y* + (s +3)—;:| >
O-S
(114)
We thus have
byo = by. (115)
In particular,
1 C30 > 3
bl():W C10+70-L+(9(6L . (116)

Further,

1 Cnm ny,m n m—

bo, :Wn%n!m!(nw”* )+ m(87 (142y.)yr™"))
1 c

=w<€01 + 0200'% + C11<6Ly*> + %<52> + @(64)>

117)

We can now express the correlation function of tracers at
this order, Eq. (109), in terms of the PBS bias parameters.
In fact, if we are able to reach the analogous result to the
Gaussian case, i.e. that the tracer correlation function is a
sum over PBS bias parameters multiplying no-zero-lag
correlators, we only need to keep terms up to order 52 in
by, since they always multiply a correlator of at least
order 82. Note that when extending the treatment to higher
order in fyp, it is necessary to take into account that y,
transforms nonlinearly with & [Eq. (112)]. This means that
the bias coefficient multiplying correlators containing say
y2(1) will not simply be by,, but involve a linear combi-
nation of by, and by,.

Let us thus write all mixed no-zero-lag terms with the
appropriate by, in front, at order 8%, fy.. We obtain

2
£4(7) = DRoi () + P22 ) + 2bigbor (5. ()3 (2)

+ bygb 1 (8L (1D)y.(1)87(2)a + O, fRy)-
(118)

Here we have used the fact that at this order, (5, (1)5%(2)),
(82(1)y+(2)), (8.(1)83(2)), and (y.(1)83(2)) have no
no-zero-lag pieces. Note also that (5,(1)y.(2)) =
(61,(1)y+(2))nz. Plugging in the expressions for by, at
the relevant order, we obtain
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1 2
£4() =€+ encwod () + 2 0

€30
+ 2(010001 +7001 o7+ Cl()CzoO'%)szwa,L(")

+2c500) 12fNL§¢5,L(’”)§L(’”)} +0(8° fx)- (119)

We easily see that this agrees identically with Eq. (111).
Thus, the bivariate PBS parameters which we have defined
in a coarse-graining scale-independent way absorb all
coarse-graining scale-dependent terms in the bare bias
parameter expansion Eq. (102), in particular the term
c1¢2(8,(1)82(2)). We expect this to hold to any order in
the bare bias parameter expansion, although a proof is
beyond the scope of this paper.

Thus, the introduction of the bivariate bias parameters
Eq. (113) and the resulting expression Eq. (118) achieved
exactly what we had wanted. In particular, the leading
effect of local primordial non-Gaussianity is quantified
by by, the response of the mean number density of tracers
to a rescaling of the amplitude of initial fluctuations. The
term c¢;c,(8,(1)82(2)) on the other hand is seen as an
artifact of the bare bias expansion which is absorbed in
the renormalized parameter by,. Apart from the clear
physical interpretation, this reordering of the perturbative
expansion is also manifestly convergent: higher order
terms are guaranteed to be suppressed by powers of
£1(r) and fxi€gs,(r), which only need to be small on
the scale of observation r for the perturbative expansion to
be valid.

This also remedies a worrying issue with the local bias
expansion in the non-Gaussian case: evaluation of Eq. (36)
shows that higher order terms (“loop corrections’)
become comparable to or larger than the leading order
expression b2&;(r) on sufficiently large scales, which
would indicate a breakdown of the perturbative expansion.
The bivariate expansion on the other hand leads to an
expansion in which higher order terms are consistently
suppressed [Eq. (118)], i.e. all dominating terms are
actually lowest order (‘“‘tree-level”). For sufficiently large
values of fyr., one might need to include higher order terms
in that parameter. Nevertheless, the expansion will remain
convergent.

D. Nonlocal non-Gaussianity

We now consider the generalization of the results of the
last section to arbitrary quadratic non-Gaussianity, i.e.
non-Gaussianity that is described to leading order by a
three-point function. The correlators that are relevant for
the tracer two-point correlation in the non-Gaussian case,
Egs. (97)-(99), are determined by the behavior of the
bispectrum in the squeezed limit, corresponding to triangle
configurations where one side is much smaller than the
other two. For scale-invariant bispectra, we can write
the bispectrum in this limit as
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i<k,

Batki ke, —k — k) "= A Pat)Py(k). 120
with A, a being constants (more general shapes can be
constructed by linear superposition of bispectra with differ-
ent A;, «;). Local, folded, and equilateral shapes corre-
spond to @ = 0, 1, and 2, respectively. Equations (97)—(99)
then generalize to

d3k lk r
M [
X M3 (k) Ak P 4 (k)k; “P¢(k1)

3
(5,(1)32(2)) = Ik

= A0, €4,50(7) (121)
5;(2)
(51(1)y.(2)) = f(aLu) )
1 ik dk,
= ’; L( ) [ 3
(2 ) (2m)
X .’M?(kl)Ak“Pd,(k)kl *Py(ky)
0%
= A—Zag Ego.0(r) (122)
where we have defined the general spectral moment
2= [LE wpumieor, (23
nX (277_)3 X ’

and the correlation between a nonlocal function of ¢ and
the density field,

d?
Qm)?
Again, Egs. (121) and (122) are valid at leading order in the
squeezed limit [k < k,, with corrections going as (k/k;)?].

Inserting these expressions into Eq. (109), and using
Eq. (110) we obtain up to O(85, f%;)

f(f)u&,L(r) =

k“.’M(k)Pd,(k)WL(k) (124)

2
£10) =] @+ cuoesaDE () + L, (7

2 2

o> o> 5
+2¢10c01 =5+ co1C30 5507 F C10C2002
2072 207%

020y
XA§¢,15,L(’”)+2011Czortz’f\fma,L(")&(r)]-
(125)

Inspection shows that the bivariate PBS parameters defined
in Sec. IV C cannot absorb the R;-dependent term from
(8,(1)82(2)). This goes back to the fact that in the pres-
ence of a bispectrum of the form Eq. (120), the small-scale
perturbations are not rescaled uniformly, but rather in a
scale-dependent way: the squeezed-limit result Eq. (100)
generalizes to

<5 (X)>|¢ (x) — 0- +A0—7a 9¢ (X) (126)
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where
— d3k a lkX
Pa(x) = o} k*¢p(k)e (127)
and hence
U%a \)
<y4<(x)>|¢d(x) =A T‘_?’ ¢a(x)‘ (128)

Thus, the transformation of the density field following
Eq. (112) is not the relevant one any more. Instead, we
need to rescale the density field through

5(k) — (1 + ek~ *)6(k), (129)
so that
8.(x)— 6, (x)+ 85—a,L(X)
o2 (130)
Yo (X) = 11 (X) + 5 8,(X)8_ g, (%) + - 62 o (X),
o? 202
where, in analogy to Eq. (127),
&Sk ”
570,)(()() = —3k an(k)é(k)el X (131)
’ 2m)
Note that (8x6_, x) = 02y, and (6% , y) = 02, y. We

will continue to assume that the tracer density depends on
the small-scale density field only through the variance on
some scale R,, parametrized through y.. We again define
byy through Eq. (113), but with the transformation
Eq. (129), so that these bivariate bias parameters will in
general be different from those in Sec. IV C. As before, our
next task is to derive the relation between by, and c,,,,,. We
have from Eq. (92),

(D, &) = (F), (0> Cn’;: < (6, +€6-4.)8, + DI

n,m

& m
Xy + 8,8, + 52_6“] >
[y- 0'% K . 20 ~ 2

We obtain
bor = an,;‘ln'm‘
1,,m m n m—1
(n0-ardr30) + 25518, 0 7)

1 0%,

= W(gn T;‘ + 002 T O, fgL)). (132)
As in the case of local non-Gaussianity, we now write all
mixed no-zero-lag correlators with the appropriate by, in
front, up to O(8° f%;). Due to the factor of o2, /0?
in the transformation of y, under the scale-dependent
rescaling Eq. (129) (at lowest order), we have to divide
by that factor when multiplying correlators involving y..
We obtain
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b 2
f (r) = bme( ) + = 20 fL(r) + 2blObOl

*as

b3
b3, &L (r) + %ﬁ(") + biobg1Aé y, 51 (r) + bagb 1Ay 50 (r)EL(r).

(6, (1)y.(2)) + bybyy
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2

7as

(133)

Note that the final result is explicitly independent of the scale R; [as long as r is sufficiently large so that the smoothing
effect on &,(r), €4 5.(r) is negligible], whereas (8.(1)y.(2)) itself is not since it depends on the spectral moment

o? [Eq. (122)], which in turn depends on o-L [Eq. (89)].

Inserting the expressions for by, at the relevant order, and using Eqgs. (121) and (122), we have

fh(r) =

+ czocl1<6L<1>y*(1>a%(2>>ml}
_ 1
- N

+ €10¢2002 o L AE g 5 R T 2¢20c11EL(F) 202

This agrees exactly with Eq. (125). The key difference of
the expansion of &, in terms of renormalized bias parame-
ters in the case of nonlocal primordial non-Gaussianity,
Eq. (133), from the corresponding result for local non-
Gaussianity Eq. (118) is that the bivariate bias parameters
are now defined with respect to the scale-dependent rescal-
ing of the density field, Eq. (129), rather than a scale-
independent rescaling. We find that it is sufficient in the
large-scale limit, even in the case of a non-Gaussianity of
general shape, to describe the coarse-grained tracer abun-
dance as a function of §; (x) and y..(x) in order to absorb the
dependence on the coarse-graining scale R; into the bivari-
ate PBS bias parameters. However, the actual definition of
the renormalized bias parameters depends on the shape of
primordial non-Gaussianity, in particular the scaling with
k;/k, in the squeezed limit.

We can thus summarize our findings regarding the effect
of a primordial bispectrum on the two-point correlations of
tracers (non-Gaussian scale-dependent bias) as follows:

(i) For local primordial non-Gaussianity, it is sufficient

to include the dependence of the tracer density 7y,
on the local amplitude of small-scale fluctuations &
through the variance on some scale R... Furthermore,
the scale R, (and whether the dependence on J; is
actually through the variance on several scales)
is irrelevant, as all perturbations &, are rescaled
uniformly.

(i) For nonlocal separable bispectra as in Eq. (120), itis
still sufficient to parametrize the dependence of 7,
on the amplitude of small-scale fluctuations through
the variance on a single scale R... However, the value
of the scale R, now matters as y, is modulated by an
amount that depends on R, [Eq. (128)]. In particular,
if the tracer number density were to depend on the

2
{(Clo + cioc3007) &L (r) + 2 2 fL(r) + [2010001 + ZCIOCZOU%QL )

o2
_MAf(ﬁaa L(V)}

o2
+ C30001UL]<5L(1)y*(2)>

—a,s

2 2
¢ o,

{(C%o + c19c3007) €L (r) + ?fi(") + [2¢10c01 + 03000101%]—2023A§¢u6,R(r)
s

(134)

[

variance of &, on several different scales, then the
PBS bias parameter b,; will be a linear combination
of these different dependencies with relative weights
controlled by «, i.e. the shape of the bispectrum.
(iii) For nonseparable bispectra, the renormalization
approach we describe here is not able to remove
the R;-dependence in the tracer correlation func-
tion. However, such shapes can typically be well
approximated by a linear superposition of sepa-
rable shapes (see e.g. [44]), which then allows the
renormalization to proceed as described here.
Thus, we find that in general, a given tracer will
respond differently to different shapes of primordial non-
Gaussianity, i.e. by (and by, in general with M > 0)
depends on the tracer as well as the shape of the primordial
bispectrum. In the following we will study this in the
context of simplified models of tracers.

E. Universal mass functions

We begin with a generalization of the universal mass
function discussed in Sec. II C. We write the mean abun-
dance of tracers as

iy, = iy (p, 04, J2), (135)

where the Jacobian J, is defined in Eq. (39). That is, 71, is
given as a function of the mean density of the Universe and
the variance of the density field smoothed on a scale R., as
well as its derivative with respect to scale. Under the
generalized rescaling Eq. (129), o, transforms to lowest

order as
2
Oy«
0'*—>0'*|:1+8 g ]
0%

(136)
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while the Jacobian transforms as (see also [31])

S+ 0% o (dln 02, dn a’i)

2 dInR, dInR,

(4

2w (dIno?
=J*|:1+280- o (d T —1)].
dln o4

0%
Here we have used d/dIn R, = 2J.d/dIn o%. Note that in
the local case where a = 0, the local Jacobian is not
affected by long-wavelength modes. Using Eq. (135),
we can then derive the leading non-Gaussian bias through
Eq. (113):

(137)

) :i( oi, olno,  om, aan*>
N i, \0lno, e dlnJ, de
=[i on, +i an, (dlno-z_ay*_ )]02_&,*
i, dlno, @, dlnJ, \ dlno? o?
2 2
— [bm(a —0) + 2(‘1;“1;’;;* - 1)] Tt am)

Here, by, (a = 0) is the PBS bias parameter quantifying
the effect of local primordial non-Gaussianity for a tracer
following Eq. (135), and we have assumed that the tracer
density scales linearly with the Jacobian as expected physi-
cally. For such tracers, the bias parameters quantifying the
response to general nonlocal non-Gaussianity (in the
squeezed limit) are thus directly related to those for local
non-Gaussianity. In particular, we recover the results
of [31], who first pointed out the contribution by the
Jacobian J,.

We now specialize Eq. (135) to a “truly” universal mass
function [Eq. (38)],

O,
iy = pf(veds, ve=—, (139)
o
where f(v,) is in general an arbitrary function of »,. The
results relating by, (@) to by, (@ = 0) of course also hold in
this case. However, the specific form Eq. (139) further

allows us to connect by, (@ = 0) to the linear PBS density
bias:

Lo om, _ 1 df
10 ii, dInp . dv, (140)
o ooy, 6. df
by (a = 0) TG dmo. o, dv. 0.byo.

Note that here b, is the Lagrangian bias, which is why we
have not included the derivative with respect to In p of the
p prefactor in Eq. (139) (see also Sec. II C); again, the
effect on J, vanishes for & = 0. This is the original relation
between the density bias parameter and the response to
primordial non-Gaussianity derived in [13,14,43]. We
point out that these results differ from those of [45],
whose authors considered the effect of primordial non-
Gaussianity on tracers with local Lagrangian biasing.
There, the entire leading order effect of primordial
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non-Gaussianity is encoded in a scale-dependent
¢»(k, K,). Thus, a parametrization of c,(k;, k,) down to
very small scales is necessary in order to predict the
amplitude of the scale-dependent bias. This is in contrast
to the approach presented here, where one introduces a
local dependence on the small-scale fluctuations which
absorbs the term proportional to ¢, into a renormalized
b1, which is a single number. As a result, the prediction of
[45] yields a departure from Eq. (140) for universal mass
functions which depends on the precise form of f(v,).
While Eq. (140) has been both supported [13,43,46] and
disputed [47] by simulation results, these different predic-
tions are clearly resolvable with sufficiently large simula-
tions. In particular, our prediction for the scale-dependent
bias for a general tracer,

1o,

boy = ——
M () o

, (141)

which is independent of any assumptions on the mass
function of the tracer, provides a rigorous test of our
approach which can be applied to simulations.

V. SUMMARY AND DISCUSSION

We have shown that the expression of tracer correlations
in terms of R; -independent renormalized bias parameters
by absorbs all zero-lag correlators present in the expansion
of the tracer correlation function in terms of the bare
““scatter-plot” bias parameters c,. We have shown this to
all orders for an arbitrary density field. While the proof
only applies directly for the auto- and cross-correlation
functions and pure density biasing, we expect the result
to hold in the case of higher N-point functions and multi-
variate biasing as well (analogously to the resummed
multipoint propagators of [10,11]). Our key result is a
rigorous definition of the renormalized bias parameters in
terms of derivatives of the mean number density of tracers
with respect to the background density (we call these
“peak-background split” bias parameters since their
definition is closely related to the commonly adopted
definition of PBS biases [33,48,49]). It is important to
stress that this exact definition is entirely independent of
the nature of the tracer considered. Therefore, it provides a
rigorous framework in which further assumptions for or
modeling of the bias parameters, for example from the
excursion set, peak model, or halo occupation distribution,
can be embedded.

Our results go beyond previous work on renormalized
bias parameters [8] in two ways: first, we show that
our result is valid to all orders; second, we rigorously
connect the renormalized bias parameters with the peak-
background split. We further show that the renormalized
bias parameters in the tracer autocorrelation and the tracer-
matter cross correlation agree to all orders. We also expect
this to be the case for higher N-point functions, although
this remains to be shown. We can summarize this reasoning
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TABLE I. Summary of renormalization procedures introduced
to remove various dependencies of tracer correlations on the
coarse-graining scale R;. The variable y. is defined in Eq. (90).

Local Transformation defining
R; -dependence quantity PBS bias parameter
(a) c301 €L(r) . p—p+Dp
(b) &1(r) V35, V26— V26 + a/?
(©  c1cx(8.(1)87(2) Ve d— (1 +¢)d

as in line (a) of Table I: the expression of tracer correlations
in terms of the bare biases c,, is R; -dependent at each order
due to disconnected correlators (for example c307). This
R;-dependence is then resummed into R;-independent
bias parameters b, which are defined with respect to a
uniform increase in the matter density.

The underlying assumption in this result is that the
clustering of tracers is entirely determined by their depen-
dence on the local matter density. This is not expected
to be a good assumption in general. However, our result
provides another invaluable tool: whenever the renormal-
ized expression in terms of no-zero-lag correlators exhibits
a residual dependence on R;, we conclude that a biasing
purely in terms of matter density is not sufficient.

We first encounter this in the case of the smoothed
matter correlation function & (r), which depends on R;
if £(r) has structure on scales smaller than R; [line (b) in
Table I]. In this case, we are led to introduce bias parame-
ters with respect to the curvature (Laplacian) of the matter
density field. In Fourier space, this corresponds to a scale-
dependent bias =« k2. If we further include bias parameters
with respect to higher derivatives of the density field, we
can in fact entirely absorb the effect of smoothing on &(r)
(Appendix B). Again, this is regardless of the nature of the
tracer and the shape of the matter correlation function. Of
course, for a smooth correlation function, it is usually
sufficient to keep only terms involving the lowest few
derivatives of the density field. The renormalized biases
with respect to the curvature correspond to derivatives of
the mean tracer abundance with respect to a constant shift
in the curvature of the density field (Table I). As an
example, these bias parameters are easily derived for peaks
of a Gaussian density field from the results of [40]. We
show that the bias parameters obtained in this way indeed
match the scale-dependent biases derived in the full, direct
calculation of peak correlations [37]. In this context, it is
important to point out that the curing of R; -dependencies,
such as that from a smoothing of the correlation function, is
a sufficient condition for having to introduce an additional
dependence of the tracer density on properties of the matter
density field. However, it is not a necessary condition—
specific tracers might also exhibit additional dependencies
not required by renormalization. One example is peaks
of the matter density field, which also exhibit a depend-

ence on quantities such as (68)2 [41]. Of course, it is
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straightforward to include these additional dependencies
in the formalism described here, by defining renormalized
PBS bias parameters through suitable transformations of
the density field.

In the case of a non-Gaussian density field, we find that
the tracer correlation function for pure density biasing
acquires a strong dependence on R; if long-wavelength
modes are coupled to short wavelength modes [line (c) in
Table I]. The most well-known example of this kind is
primordial non-Gaussianity of the local type [18]. In this
case, we have to add a bias parameter with respect to the
amplitude (variance) of small-scale fluctuations. The
renormalization procedure then absorbs the R;-dependent
terms such as ¢;c,(8; (1)82(2)), and the resulting bivariate
bias parameters are given by the derivatives of the mean
tracer density with respect to the background density and
(essentially) the amplitude of the initial power spectrum—
both clearly R;-independent quantities. Effectively, we
obtain an expansion closely related to that of [43], although
we did not need to drop any terms or make approximations
beyond the large-scale limit (which allows us to evaluate
the bispectrum in the squeezed limit).

We also generalize the results to any form of primordial
non-Gaussianity given through a bispectrum of potential
perturbations. In fact, this provides a good example for
how this renormalization approach pays off: we obtain a
fully general and exact result (in the large-scale limit), in
which the renormalized scale-dependent bias parameter
depends on the precise shape of the non-Gaussianity as
well as the nature of the tracer. Assuming that the tracer
abundance only depends on the variance of the small-scale
density field on a single scale, we can however relate the
scale-dependent bias parameter for an arbitrary general
shape to that for local non-Gaussianity. Further, we can
be more restrictive and assume that the tracer follows a
universal mass function. In this case, we can relate the
scale-dependent bias parameter to the bias parameter with
respect to density (as in [13,14,43]).

The general procedure also carries over to primordial
non-Gaussianity described by higher N-point functions.
For example, a nonzero trispectrum which couples long-
to short-wavelength modes will introduce a significant
R;-dependence in the tracer correlation function through
the term c;c3(6,(1)83(2)). In order to remedy this, we
need to explicitly take into account the dependence of the
tracer density on the local skewness (83) of the density
field, which then yields a corresponding scale-dependent
bias contribution (as shown in [31,50]) which absorbs the
R; -dependent terms.

The main caveat to our results is that we have worked in
Lagrangian space throughout. While we expect that the
general approach will also be applicable in Eulerian space,
the effect of gravitational evolution will in general intro-
duce several further dependencies of the tracer density
on the environment, for example velocity and tidal field
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biases [19-21]. We leave this for future work. Further, we
have neglected the effects of supersonic relative motion
between baryons and dark matter [51], which are poten-
tially important for low-mass tracers at high redshifts. If
relevant, this effect can be included through an additional
bias with respect to the relative velocity squared [52,53].
Note that the statistical properties of this relative velocity
are very well understood.

We have also only considered observables in real space.
The main obstacle in transforming to Fourier space is the
issue of stochasticity in the tracer density field and its scale
dependence, which contributes to correlations at all & in
Fourier space (although the contributions will asymptote
to a constant in the low-k limit). Thus, a well-defined
model for correlations on small scales is a necessary pre-
requisite for a rigorous understanding of Fourier-space
correlations.

Further, we have restricted the treatment here to two-
point correlations of tracers. The main reason for this is
simplicity; we expect no major obstacles in generalizing
the results to higher N-point functions in Lagrangian
space, such as the tracer bispectrum with non-Gaussian
initial conditions. In order for this to be useful however,
non-Gaussianities from gravitational evolution will also
have to be included [54-59].

Finally, in the case of primordial non-Gaussianity, we
have only considered linear terms in fyy , and restricted to
the large-scale limit where the bispectrum is evaluated
at lowest order in the ‘‘squeezed-limit” expansion. The
extension to higher powers of fyy is straightforward. The
second approximation captures the main effects on large
scales, since the subleading term is suppressed by k7/k2,
where k; ~ 1/r is the scale on which we measure correla-
tions, and k; ~ 1/R, corresponds to the small-scale fluc-
tuations. For example, in the case of local non-Gaussianity,
the subleading term is expected to lead to a small approxi-
mately scale-independent bias.

These caveats notwithstanding, we hope these results
provide the starting point for a rigorous treatment of
biasing of general tracers in the context of cosmological
perturbation theory.
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APPENDIX A: PROOF OF EQ. (36) FOR

A GENERAL DENSITY FIELD
Let us denote as II,, the set of all partitions of the set
L1,..., 13} (AD)
{ ' b
n times

where the elements of the set are considered distinguish-
able. We call the elements B of any given 7 € II,
“blocks,” with 7r having |7| blocks where || is the
cardinality, or number of elements, of 7. Clearly, |7| =
n, and the blocks of any partition in IT, satisfy

ZlBl = n.

Bew

(A2)

For example for n = 4 there are four distinct partitions
with one block B; with |B;| =1 and one block B,
with |B,| = 3. Then, the moment for an arbitrary density
field 6 is given in terms of the cumulants (connected
correlators) by

(=23 [T".

w€ll, BE®™

(A3)

For example, in this sum the trivial partition 7 =
{1, 1,..., 1}} (with a single block B with |B| = n) corre-
sponds to (6").. Note that since (8) = 0, any partition
where |B| =1 for any B € w yields a vanishing
contribution.

Similarly, let us denote as 11, ,, the set of all partitions of

{,1,...,1,2,2,...,2} (A4)
n times m times
We can then write
(sromy =3 ]‘[(ﬂaa>
p€ll, ,, BEp ‘aEB ¢
= Y [I@r®er®)., (A9
pE€ll, , BEp

where in the first line a runs over the elements of the block
B, and in the second line we have defined as n;(B) the
number of elements “1” in block B, and correspondingly
for n,(B) [so that n;(B) + n,(B) = |B|]. This simplifies
the result since the cumulants are independent of the order
of products of 6, and §,, and only depend on the overall
power of each.

Our goal is to reorder the sum in Eq. (A5). We assign
two further numbers (non-negative integers to be precise)
toeach p € 11, ,:

_ n,(B)=0 ~ n(B)=0
Nip)= D mB):  Nip)= > m(B). (A6)
BEp BEp
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In other words, for a given partition p, N;(p) counts the
number of elements 1 that are in blocks that only contain 1,
while N,(p) counts the number of 2’s that are in blocks
only containing 2. These numbers are of
course uniquely defined for each p. Moreover, N;, N,
define a partition of II,,, ie. each p€1Il,, is a
member of one and only one subset of 1I, ,, defined as
containing all p with a specific value of N, and N,.
Equivalently, the relation p ~ o defined for any p, o €
IT,,, through

p~ o< Ni(p) = Ni(o) ANiy(p) = Ny(o) (A7)
is an equivalence relation on II,, ,,. We can then split the
sum in Eq. (AS5) into sums over these disjoint subsets
of IT,, ,.;:

N (p)=k:N,(p)=I
[T 5. (A8)

pELL, Bep

n

<6n5m — Zi
k=01=0

Consider the sum over all partitions in one of these

subsets:
|

Ny (p)=k;N»(p)=1 (B) analB)
n n
[T 85),

pEIL, Bep

Here, we have used Eq. (A3), and defined the subset H"Z1
of the set of all partitions 11, ,, through
1_[gzrln = {p S Hn,m: Nl(p) =0= Nz(P)}
={p€ll,,: VBE p n(B)>0An,yB) >0}
In other words, H‘,}?,L contains all partitions in which each

block has at least one element ““1” and at least one element
2 That is, for any p € 1182 the product of correlators

l_[ <5Y1(3)3;2(3)>C

BEp

(Al1)

does not contain any zero-lag pieces. It is then natural
to define the no-zero-lag correlator for a general density
field as

<8’11 8g1>nzl =

z l_[ <5T](B)6;2(B)>C,

el BEP

n,m

(A12)

which reduces to Eq. (25) for a Gaussian density field.
_ Finally, we can sum Eq. (A10) over all values of N(p),
N,(p) to obtain

(05 men )0, o) 2
m Ell BiEm mEIl ByEm, pe]‘[:'zl_lkvm_[ BEp

n m
= <5k>< )(5 )
( k ) 1 ! pen%k.m—[
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Ni(p)=k;N,(p)=1 ) ®)
[T¢67 852)..

pEILL, Bep

(A9)

A partition p € II,,,, can be thought of as one specific way
of distributing n black balls and m red balls into arbitrarily
many (initially empty) boxes. These boxes correspond to
the cumulants in Eq. (AS5) [of course empty boxes are
trivial, because they yield 1 in the product in Eq. (AS);
boxes with only one ball lead to a zero contribution]. The
sum in Eq. (A9) runs over all possible ways of distributing
these balls that have exactly k black balls which are in boxes
with only black balls, and / red balls which are in boxes with
only red balls. Correspondingly, the remaining n — k black
and m — [ red balls are in boxes with both black and red
balls. There are (n k) ways of selecting k black balls out
of n, and (m [) ways for the red balls. Given such a
selection of k out of n and [ out of m, the sum in Eq. (A9)
thus runs over all ways of partitioning k black balls into
boxes, m red balls into a different set of boxes, and finally
n — k black and m — [ red balls into a third set of boxes
such that each of these boxes contains at least one black and
one red. Mathematically, we can write Eq. (A9) as

l—[ <571(B)6ZZ(B)>C

l_[ <8'l11(3) 6;2(3)%'

BEp

(A10)

[

(8165 = ZZ( )<6k>( ) IXSTR e (A13)

We are now ready to prove Eq. (36) for general
non-Gaussian matter density fields. Plugging the relation
between by and c,, Eq. (33) into Eq. (36), and relabeling
N—n—N,M—m— M, yields

n—1 m—1
<§h<r>>—ﬁ > o Z z( )( )5N><6M>

n,m=0 =0M=0

X <5n N(1)5m—M(2)>nZ1

— o 3 S snep ) - (epXep)]

an

1 Cncm n m _
Ve n’mzzom@ (1)o7 (2)) — 1. (Al14)

In the second line, we have used Eq. (A13) and subtracted
out the completely disconnected contribution (&7 ){(6}")
[which is not included in Eq. (36) as we start the sum
from N =1, M = 1]. In the third line, we have used
Eq. (22). This is identical to Eq. (17), and thus proves the
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relation Eq. (36) between PBS bias parameters and two-
point correlations for a general non-Gaussian density field
at all orders.

APPENDIX B: CURVATURE BIAS
TO HIGHER ORDER

Let us consider a general spherically symmetric filter
function,

w0 = () B1)

where f(y) is a dimensionless function defined on [0, o).
We have pulled out a factor of (477'R2)*1 for convenience.
The Fourier transform of W, (x) can then be written as

(1"
n+1)!

= L dyy**2f(y).

W (k) = Z(kRL)Z" fa

(B2)

The normalization constraint [ d*xW;(x) = 1 is equiva-
lent to f, = 1. Since R; is an arbitrary parameter, we can
further choose one of the f, with n = 1 to assume some
desired value. Specifically, in Sec. III we have chosen R;,
so that f; = 6 and hence W(k) = 1 — k*R? +

The smoothed correlation function can then be written
exactly as

o0 2
Z fnfm RL(n+m)

Qn + 1D)!2m + 1)!v2(n+m)§(r)_

&r(r) = (B3)

n,m=0

Note that the factor of (—1)"*" from the expansion of W
cancels with the 2" from converting powers of k into
derivatives.

We can generalize the transformation Eq. (61) as
follows:

8.(y) = 8(y) + a Z €2N| yI?, (B4)

where « and g are dimensionless parameters, and the case
N = 0 corresponds to the transformation used to derive the
PBS density bias (with go =1 and @ = D, Sec. IIB).
Using the expansion of the filter function, we obtain

X /R, \2N
0a0) = 5,0+ 3 () ensv. B9
N=0
Further, using that
V2|y|?N = (2N + 1)2N|y|*N 2
lyl2V = ( (2Nj 1)'Iyl B6)
V2 |y|2N = i 2(N~n)
= VIV = oy = M

for n = N, we obtain in analogy to Eq. (B3)
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R; \2WN—n)
V5, a0) = V5, (0) + Z( L)

¢

QN + 1)!

mgzvfzv n- (B7)

The transformation Eq. (63) corresponds to g; = 1/6 with
all other g, equal to zero. Hence,
V25, 4(0) = V25,(0) -I——3‘— V28L(0)+— (B8)
as intended (with all higher derivatives being unaffected).
More generally, we can define gy = 1/(2N + 1)! for a
fixed N, with all other g, = 0, so that

a®™ /R, \2(N-n)
V28, qm(0) = V2§ (0) + —— ( gL)
X 1 S/ (B9)
(N —2n + 1)1/
where n = N. In particular,
R, \2N 1
0(0) = w(fey™t L
8, om(0)=6,00)+ « <€) QN + 1)!fN
a®
VZNaL‘a(N) (0) = V2N5L (0) + €27N (BIO)
Now, if we write
Ap(x) = Fj, (V28 (x)}5_ 3 %), (B11)

we can define the generalized, bare linear curvature bias
parameters (at linear order in V?"§) through

1 aF, (V28 ()} _o: X)

m=0"
Fh,L (O) a(VZn 5)

Cymg =

(B12)

0

Further, we can define PBS bias parameters as

€2N 8<ﬁh>a(m

<ﬁ—h> “oa (B13)

vaNa =

a™M=0

av2"1s, w
= €2N Z CvZn 7(]6)(1“\/

RZ(N n)

_ R
Z VI ON — 2+ D1 N

(B14)
where we have taken out powers of € to make the expres-
sion for the correlation function below simpler. Note that
the usual PBS density bias is obtained as a special case
for N = 0.

In terms of the bare bias parameters, and to linear order
in matter correlations, we can write the tracer correlation
function as
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Z Cv2r15Cv2m5v2(n+m)§L(r)

n,m=0

fh(r) =

0
= Z CyngCyam g
n,m=0
2(N+M)
SufuRy

X 2(N+M+n+m)
%z N + DICM + 1)! ¢0

CV2n6CV2m5
N,M=0n,m=0

2(N—n+M—m)
fN—nfM—mRL

2AN+M)
ON —2n+ QM —2m+ 11" &(r).

(B15)

In the second line, we have shifted the sum by defining
N =N +n, M =M + m, while in the third line we have
reordered the sum over n, m and N, M.

Now let us write down the expected result in terms of
PBS bias parameters, i.e. assuming that the parameters
byav s have absorbed all dependencies on Ry :

Z bya sbgan s VN M E(r),
N,M=0

En(r) = (B16)

where we have again restricted to linear order in matter
correlations. Using Eq. (B14), this yields

00 NM

&= D cyuscyms

N,M=0n,m=0

R2(N+M " M)fN nfM m
(2N 2n+ )I2M — 2m + 1)!

VZ(NHW)f(r),

which agrees with the exact result Eq. (B15). Thus,
the PBS bias parameters defined in Eq. (B13) are indeed
able to completely absorb the effects of smoothing on the
correlation function (at linear order). Moreover, if we
assume that there is a characteristic scale € describing
the dependence of the tracer density on the derivatives of
the density field, i.e.

byas ~ €2V, (B17)

then the expression Eq. (B16) is an expansion in terms of
(VAN E(r). (B18)

If the matter correlation function does not have significant
structure on scales below €, then this quantity is progres-
sively suppressed at higher N and Eq. (B16) is rapidly
convergent.

APPENDIX C: DERIVATION OF EQS. (97)-(99)

In this appendix we derive the squeezed-limit expres-
sions Eqs. (97)—(99). We begin with the correlator Eq. (97):
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&Pk j‘ &k, &k,
e TM, (k
e MW [ amy | Gy
X My (k) M (k) by bx, P,)-
Using the definition of the bispectrum,

(P by, dx,) = Q) 8p(k + ki + ky)By(k, ki, ky),

(8,(1)87(2)) =

(CDH
we have
3
608700 [ e My b [ M)
XM (Ik +Kk)By(k ky, |k +Kk;]). (C2)

We now expand the integrand in powers of g = k/k;.
Further, we define u = k - k;. We then obtain for any
function F(k)

1
Pk + ki = Fe)| 1+ (m + 5 = 207 )tk

1
3wk |+ 0

o BlnF(kl)
o=
8lnk1
1 0*F(k
b= (k) (C3)

F(ky) o(Ink,)?
while
By (k, ky, |k + k)
= 2fn{P s (K)[Py(ky) + Py(lk + Kky[)]
+ Py(k))Py(lk + ky|)}
= 2f\LPy (k)P4 (k)2 + 2qu + [1 — 2u*]g*)ny]
+0(),

where n4 = n, — 4 and we have assumed a pure power-
law P4 (k) for simplicity. Inserting these expressions into
Eq. (C2), we see that the terms o gu vanish once the
integral over u is performed. Thus, we obtain

&k
@m?
[d3kl M2 )
) L(k)Py (k)1 + Og*)]

The k, integral yields o2, leading to Eq. (97) with
corrections suppressed in the large-scale limit by
(k/ky)? ~ (kR;)*. We now turn to Eq. (99). Since

(8.(1)87(2)) = 4fxL e TM (k)P (k)

(0, (1)y:(2) (C4)

1
= 7‘_% (6L 5%(2»,
this just differs from Eq. (97) through the prefactor and the
different filter function, and the above results immediately
lead to the third line of Eq. (99).
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