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Many different techniques to analyze galaxy clustering data and obtain cosmological constraints have
been proposed, tested, and used. Given the large amount of data that will be available soon, it is worth
investigating new observables and ways to extract information from such datasets. In this paper, we focus
on antisymmetric correlations that arise in the cross-correlation of different galaxy populations when the
small-scale power spectrum is modulated by a long-wavelength field. In A cold dark matter this happens
because of nonlinear clustering of sources that trace the underlying matter distribution in different ways.
Beyond the standard model, this observable is sourced naturally in various new physics scenarios. We
derive, for the first time, its complete expression up to second order in redshift space and show that this
improves detectability compared to previous evaluations at first order in real space. Moreover, we explore
a few potential applications to use this observable to detect models with vector modes, or where different
types of sources respond in different ways to the underlying modulating long mode, and anisotropic
models with privileged directions in the sky. This shows how antisymmetric correlations can be a useful

tool for testing exotic cosmological models.
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I. INTRODUCTION

Current and future galaxy surveys are expected to map
the large-scale structure (LSS) of the Universe with
unprecedented detail, providing us with catalogs of differ-
ent tracers of the underlying dark matter field. Observing
different types of sources will allow for the use of the
multitracer approach, which promises to be a winning
strategy to beat down cosmic variance [1-6].

Recently, there have been many efforts to improve the
available statistical tools for analyzing the LSS, through a
more accurate modeling of, e.g., observational, small-
scale, and general-relativistic corrections. However, it is
also worth investigating completely new avenues, which
may both complement existing observables and be better
suited to test specific cosmological models. A recently
developed observable [7] searches for imprints on the two-
point statistics from primordial fossil fields. These fields
could be either scalar, vector, or tensor modes, and they
would induce local departures from an otherwise sta-
tistically isotropic two-point function.
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An extension to this observable has been proposed in [8]
to exploit the benefits of the multitracer technique: the
antisymmetric part of the galaxy cross-correlation, which
will be nonvanishing in the presence of two different
tracers. If one considers two galaxies drawn from the same
population, separated by a distance r, the two-point
autocorrelation function is symmetric under the inversion
r— —r. But if the two galaxies belong to different
populations, with different biasing and evolution proper-
ties, then their cross-correlation function may not be
symmetric under this exchange. Such an antisymmetric
term is generated in standard A cold dark matter (ACDM),
as shown in [8], because of biased nonlinear clustering: it
arises from the fact that the two populations trace the dark
matter field in different ways, i.e., they have different bias
parameters.

An antisymmetric contribution can also arise from exotic
new physics, e.g., the presence of vector fields that leave an
imprint on the galaxy clustering. This work, starting from
the idea sketched in [8], derives a more complete expression
for the antisymmetric part of galaxy correlations, including
redshift-space distortions, a more detailed modeling for the
galaxy bias, and the effect of primordial non-Gaussianity.
Then, for the first time, it investigates the detectability of
such an observable by future galaxy surveys. Furthermore, it
explores a few possible exotic physics models that could be
tested using this new observable.

© 2024 American Physical Society
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II. ANTISYMMETRIC GALAXY CORRELATION

The two-point correlation function is one of the most
widely used summary statistics in large-scale structure
surveys. In this context, it is convenient to work in
Fourier space (see, e.g., [9]), where modes are independent
and the covariance matrix is diagonal.1 Alternative
approaches are, e.g., the two-point function in configuration
space (see, e.g., [13—16]), spherical-Fourier Bessel decom-
position [17-20], the angular power spectrum [21-27], and
the frequency-angular power spectrum [10-12].

&Phy

The two-point autocorrelation function is usually
assumed to inherit the properties of statistical homogeneity
and isotropy of the Friedmann-Lemaitre-Robertson-
Walker universe. However, it was pointed out in [7] that,
in principle, the two-point function may depend on the
orientation of the two points being correlated and/or on
their position in space. Such a signature can be decom-
posed into scalar, vector, and tensor components, and it can
be parametrized as

(6(k1)8(ky)), = (27)613) (ky + k) P(ky ) +/—pr(k1,k2’k1 Feo) Iy (s el (s )i k) (27) 60 (ke + Ky +Kes). (1)

(27)*

The second term above is a correlation induced
by a perturbation & with polarization p and wave vector
ks, where kj is a long-wavelength mode that is modulating
the two-point function and k;, k, are two short-wave-
length modes. The sum on p runs over the six possible
basis tensors for a symmetric tensor. Intuitively, this
represents a power spectrum sitting on top of a long-
wavelength mode, and it is related to the squeezed
bispectrum as limy, « B, (ky.ky.k3) =P, (k3)f, (k. ks .k,

-kz)ef}(k3)kika [28]. In [29,30] this formalism has been
applied to study the imprint of primordial fossil fields
from inflation on the large-scale structure.

In [8] this parametrization has been generalized to the
case of the two-point cross-correlation function, by includ-
ing the three additional degrees of freedom that are related
to the antisymmetric part and, in principle, arise for
different tracers

3
<6A(k1)53<k2)>h_/é:)33

(k) —ky)(27)*6%) (ky +ky +k3),  (2)

> fpki ko kg k)i (Kes)e,
P

where the sum on p runs over the three polarizations
p =1L, x, y, that is, a longitudinal mode and two vector

modes. Choosing &; (k) = ks, then €, (k3) are two other

unit vectors, orthogonal to IAc3 and to each other.

No assumption has been made so far on the nature of the
long mode that modulates the power spectrum. It could be
generated by new physics, and some of these exotic
scenarios will be explored in Sec. V. But an antisymmetric
contribution to the two-point cross-correlation arises even
in pure ACDM, due to the nonlinear clustering of biased
tracers.

]Assuming certain approximations, namely, the plane-parallel
and equal time; for a detailed analysis of this, see recent
discussions in [10-12].

|

In order to appreciate the underlying physics, it is useful
to briefly recall the framework studied in [8]. The abun-
dance of tracers is, in general, a nonlinear function of the
local mass density: for simplicity, let x(x) = bxd(x) +
cx[6(x)]? + ... with by the linear bias parameter and cy the
nonlinear bias parameter [31]. Such a nonlinear relation
implies a nonvanishing three-point function

(0a(ky)0p5(ky)S(k3)) = 2P(ks)[bacgP (k) + bgcaP(ky)]
x (27)360) (k) + ky + ks3). (3)

After antisymmetrization in k; <> k,, and after taking the

squeezed limit &y, ky > ks,

oP(ky) ky - ks
ok ky

BA(kl»k?a)
P(ks)

SN C))

= (bBCA - bACB)

This sources the antisymmetric part of the modulation of
the two-point function due to nonlinear biased clustering as

(6a(k1)5(ky)) — (05(Ky)34 (k)

2
_ d3k3 BA (ky,k3) . 1s0)
- / (2r)3 ( P(ks) >5 (k3)(27)36%) (k) + Ky + k3).

(5)

Comparing to the general parametrization of the two-point
function, (2) allows one to recognize the presence of a
longitudinal mode p = L, with

oP(k)) ky

= (6)

fu= ok, k'

(bBCA - bACB)

N[ =

Physically, this signal describes the small-scale clustering
of tracers in the presence of a low-pass-filtered density
field. In other words, it is related to the power spectrum of
the two tracers on top of a long underlying mode, k5.

To estimate the impact of this signal compared to the
symmetric one, consider the ratio of the antisymmetric part,
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(k1)
ky

k- ks

5 (k)

()

oP
PA = (bBCA - bACB) 9

to the symmetric part in the squeezed configuration
PS = (bpca + bycp)d” (k3)[P (ki) + P(ky)]
= (bgca + bycp)26” (ks)P(k,)
1 oP .
(14 OURAY
2P(ky) Ok, ky
which gives
PA  (bgca—b 1 oP(k))k; -k
_S:( BCA ACB) ( 1) 1 3_,_0(,{%) (9)
P (bBcA +bACB>2P(k1) akl kl

Since k; are small-scale modes, P(k;) can be taken to be a
power law P(k;) « k7 with n ~ —3. Then, an approximate
estimate will be

PA  (bgca = bacp) nks

L \OBCATDACB) 10
PS  (bgcy+bacp) 2k (10)

The ratio is therefore suppressed as ks/k;; however, it
could be that, for a particular combination of the bias
parameters, the bias-dependent prefactor boosts the signal.

An improved, more detailed modeling of the signal must
include the full second-order kernels, containing the physics
of gravitational evolution and nonlinear clustering, as well
as a more accurate modeling of the bias, with the full basis
of bias operators beyond the local-in-matter density expan-
sion up to second order [31]. The rest of the paper derives

such an expression and argues that not only will it be more
correct, but it will also improve its detectability.

A. Redshift-space distortions

Observations do not happen in real space, but in the so-
called “observed” space, where one has to account for all the
light cone and perturbation effects; this is commonly called
redshift space when accounting for the (generally) dominant
redshift-space distortions (RSDs) caused by peculiar veloc-
ities. In this case, the clustering pattern of objects is
modified by peculiar velocities [32,33]. Since they are
sensitive to the line-of-sight component of peculiar veloc-
ities, RSDs are a radial effect, and for the case of interest,
there is no transverse vector perturbation that can feed the
p = x,y polarizations. Therefore, the expression for the
antisymmetric cross-correlation will still contain the L
polarization only, but it will be enriched by additional
contributions.

Up to second order in fluctuations, one can write the
density contrast of the Xth tracer as

ox (k) = Z (k)8 (k)

3. 73
+/ déjﬁq‘sm (k—p—9)Z5(p.9)5(p)5(g). (11)

where Z, , are the first- and second-order kernels.

The observable of interest here will require the calcu-
lation of both the two- (power spectrum) and three-point
(bispectrum) statistics. The bispectrum is

(64 (K1)8, 5 (ky)S (k3 )) = 2{P (k) P(ky)Z4 (k1) ZT (k) Zo(—ky, —ks) 4 P(ky) P(k3) Z5 (—ks. —k3) Z5 (ky) Z, (K3)
+ P(ky )P (k) Z{ (k1) Z5 (—ky. —k3) Z, (k3) } (27)*6) (kg + ks + k). (12)

In order to calculate the expression for the RSD operator, connecting real- to redshift-space observables, one has to
compute the Jacobian of the transformation. The calculation can be found in literature (see, e.g., [13,33,34]) and it reads

1 4+5,(s) = [1 +5(r)]<1 +a;r,>—1<] +Ur’)_2ﬁ(rf(;r)(r)f). (13)

The relation between redshift space and real space is s = r + v,(r)F, with v, = v -#/(aH), and 7 is the average number
density of tracers. Keeping all terms, one obtains, to second order,

1 av 1 1 adv  (ala—=2)—y)v* 1 av?
PR S SRR N S WP W) B G/t ¢ RSP L ) 14
s T vy, L vi ACL Rk vas 727 +7a0 (14)
r on r?
=——+2, =_—V?%i-3. 15
* ﬁ0r+ "= " (15)

Neglecting the Doppler term »/r and selection effects,” the relation between redshift- and real-space density perturbation
becomes

*For the results in this work, the effects of the Doppler term are neglected, as it generally dominates only on large scales, while the
antisymmetric correlation has most of its signal on small scales. A more detailed investigation of the impact of Doppler and other terms
on the antisymmetric correlation is undergoing. The complete kernel expressions are reported in Appendix A.
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1 1
53,25—ﬁ0,11+2H26%v 7 0,(6v). (16)
The objects being correlated are biased tracers of the
underlying dark matter distribution. The relation between
the two can be described through the bias expansion [35]

by 0.0; 1
5g:b15+752+b,(21<2, Kij—<v—2’—§5ij>5. (17)

The second-order gravitational evolution kernels F, and
G, in an Einstein—de Sitter cosmology are

5,20 q)’ P q
F — 4= — =4+ 1
2(17 q) 7 7 pzqg +2pq q+p ’ (8)
3 4(p-q9® pra(pr 4q
=" 4= A ¢
Gz(l’"]) 7+7 pzqz +2pq q+p (9)

k ok,

The first- and second-order redshift-space kernels for
biased tracers are, in Fourier space,

210 = b + £, (20
b 1
Zp.4) =2+ Falp) + b (1= 5) + G0
k,
e CCRE ORI OR /) NCTY

The Dirac delta in the convolution enforces thatk = p + q.
The cosines of the angles between wave vectors and the line
of sight are y =k-i/k, and the cosine of the angle
between the two wave vectors is u,, =p - q/(pq).
Following the same procedure as above, the antisym-
metric part of the cross-power spectrum will be sourced by
the antisymmetrized bispectrum in the squeezed regime—
because the n-point function gets modulated by the (n + 1)-
point function with a soft momentum as in Eq. (1),

BA (k. k 1 [k OP(k
(ke ke ( 3) {3(bA b?) fuy [kl ( 1)#13<7fﬂ1 — V4paus + py (4 4 10ut; = 7fu3))

(1+ fu3)P(ks) ~ 42

+ 2P (ky ) (=14 uipis + Tfudus 4 3(3 + 4uds)us + piprs(—13 — 8uds + 7fﬂ§))]

P(
ok,
P (k,

ok,

- 20(bA — BE) <k1

146, — B, (kl

oP(k
b?bé)kl ( 1)MB

—21(b4b8 -
( 172 akl

AR, — b s (6P<k1><u%3

This is related to the antisymmetric component of the
two-point function BA(ky,ky.ks) = P(ks) f% (ky.k3)e,
-(k; — k), with the long mode power spectrum P(k3) =
(1+ fud)Plks).

Comparing with the general parametrization of Eq. (2),
only the longitudinal vector mode is present &; (ks) = ks,
as expected. Indeed, as RSDs are a radial effect, there is no
physics that can excite the transverse vector modes.

Notice that, when including RSDs, the signal is non-
vanishing even in the case of purely linear bias. In particular,
keeping RSDs and linear bias only, the surviving signal
from Eq. (22) would be

k
3 (5) 01 = o002tk 2230+ s

ky
dlog P(kl)}

23
dlog k, (23)

+ uiap3) + w3 (ut — p3)

kq
)/11#13 + 2P (ky)(=p1p13 +ﬂ3)>

)ﬂ1ﬂ13(3ﬂ%3 — 1) =2P(ky)(=4pipr13 + 6,‘41!4?3 +u3 - 3#%3#3))

—1) 4+ 2D —%))}- (22)

ok,

This surviving contribution can be read as follows. The
terms from RSDs that are only sensitive to gravity cancel
out because of the equivalence principle, but mixed con-
tributions that also contain the bias parameters do survive in
the multitracer approach.

The antisymmetric cross-correlation is sensitive to the
separation of scales between long- and short-wavelength
modes; this is transparent in Eq. (6), where the signal is
directly proportional to the squeezing factor k3/k;. In the
simple case of not modeling higher-order effects that enter
when the squeezing factor is reduced, this is unavoidably
an arbitrary choice that depends on the details of the
analysis and on the specifications of the survey. An attempt
to reduce this issue and model the full signal including the
case of squeezing factor reduction is currently under
development. For now, as a benchmark, the rest of the
work uses a squeezing factor of at least 10 between long
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and short modes; more details on this issue, and how the
signal depends on it, will be addressed later.

B. Primordial non-Gaussianity

Given the nature of antisymmetric correlations and the
fact that it is effectively a squeezed bispectrum, it is natural
to include the effect of primordial non-Gaussianity (PnG)
in its expression. Information about PnG is encoded within
higher-order correlations beyond the two-point function,
pinpointing interactions of the inflaton with itself or with
other fields and thus effectively acting as a particle detector
for inflation [36-38]. Single-field models generate negli-
gible non-Gaussianity, whereas multifield inflationary sce-
narios provide, in general, larger values; for this reason, a
measurement of fy; > 1 would rule out most single-field
inflation models [39—41]. The first statistics that is sensitive
to deviations from Gaussianity is the bispectrum: its shape
dependence is determined by the physical mechanisms at
work during inflation, the most common templates being
the local shape that peaks on squeezed triangles
ky < ki, k,, the equilateral shape k| ~ k, ~ k3, and the
folded shape k; ~ ky ~ k3 /2 [42].

Cosmic microwave background (CMB) measurements
from the Planck satellite constrain fi = —0.9 +5.1,

f\?ﬁﬂ =-26+47, foho = _38+24 at 68% CL [43],
and improvements are generally expected from large-scale
structure measurements. For a review on methodologies and
constraints on non-Gaussianity using power-spectrum and
bispectrum measurements, see [44-46] and [47], respec-
tively, and references therein. More recently, [48] estab-
lished fiof = —33 + 28 at 68% CL from the BOSS data, a
constraint that is expected to improve significantly as future
surveys such as SPHEREX [49], which will access larger
cosmological volumes. See also [50,51] for a discussion on
the optimization of surveys to measure PnG.

It is worth noticing that, even with just linear bias, non-
Gaussianity can source an antisymmetric signal [8]. If
(64 (K1 )05(ky)5(k3)) = b (ky)bT (k2)Bgray (K1, Ky, K3), then

3(Scrgm,0H(2)k3 Bgrav (kl ’ k2’ k3>

AN o pA — pB
b= as SRR Pk

(24)

The bulk of the information for this signal is in the long-
wavelength modes, then the amplitude decreases for
smaller scales, faster than the biased clustering one.

As an indicative example of what could happen for other
shapes and early Universe models, alternative scale-
dependent bias behaviors are presented that are taken to
roughly model what would happen for other shapes of
PnG. A scale-dependent modification of the bias x Ab k",
with n = {-2,-1,0} could mimic local, orthogonal,
and equilateral shapes, respectively [52]. In general, if
bi((k) = b}f +fNLAb}fkn, then

nk'llk3 Bgrav (kl s k2’ k3)
2ki  P(ks)

1
f?’fNL ~ EfNL(b?Ab? — by AbY)

(25)

The Ilocal PnG expression n = -2 is recovered
for AbTK" = 36, (bY — 1)QuoH3/[Dma(2) T (k)K*].

An equilateral shape would leave no signature.

This estimate for f?'fNL is obtained by approximating
the bispectrum as being simply proportional to the gravi-
tational contribution, via the two linear bias parameters,
(64 (k1 )05 (K2)8(ks3)) = bt (k1) b7 (k) Byray (K1 Ky, Ke3). Ho-
wever, this does not capture all the ingredients: the signal
needs to be modeled using the full second-order kernels.

In the presence of local-type PnG, the Eulerian basis of
operators in the bias expansion is modified by additional
terms [31], which at linear level give rise to the well-
known scale-dependent bias [44,53-57]. Let ¢ be the
Bardeen gravitational potential, related to the primordial
curvature perturbation by ¢ = (3/5)R and to the linear
density field by

2K*T(k)Dpa(z
Mk <30 R

(26)

o(k,7) = M(k,7)p(k),

where D, 4(z) is the linear growth factor normalized to a
during matter domination.

The new operators are fyp¢(q) at first order and
fnuo(x)p(q) at second order. The Bardeen potential is
evaluated at the Lagrangian position ¢, since the coupling
between non-Gaussianity of primordial fluctuations and
matter fluctuations is imprinted in the initial conditions and
not induced by evolution. Therefore, these operators get
contributions from the (linear-order) displacement field s,
given by

r=gisl@n).  s@e)=-golgn). (21

The contributions from PnG are

8y(xX)| . = Snrbyd(q) + Fribypsd(g)d(x).  (28)

When adding RSD, the new terms arise from & and 9, (6v):
any effect of fy on velocities can be neglected, because it
would be of the same order as higher derivative operators of
the form 0%¢ [58]. Including PnG, thus, the new contri-
butions to the redshift-space kernels in Fourier space are

Z) p (k) = by MTH(k), (29)
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. 1 1
Zog0.0) = Fruby "5 (M0 4 L M)+ Frabiay (M () + M7 (@)
k
+ by B (B )+ 001 g)). (30)

Working at linear order in fyp, the additional contribution to (8, (k;)dz(k,)5(k3)) coming from primordial non-

Gaussianity is

2f AP (k) P(ky) (21 5 (k1) ZT (k) Zy (=1, —hy) + 23 (ko )27, (Ko)Zo(—Key, —ky)

+ ZH(ky)Z7 (k) Zs gy, (=1, =) + P(ky)P(ks) (29 4 (ky)Z5 (=1, —k3)Z, (ks)
+ ZH (k) Z5 (—ky, —k3)Z, 5, (k3) + Z1 (k1) Z5 ;  (=ky, —k3)Z, (k3))
+ P(ka) P(k3)(Z5 (=ky, —k3)Z7 ;| (K2)Z, (k3) + 25 (—ky, —k3) 2T (ky) Zy g, (K3)

+ 75 s (k. —k3)Z7 (k) Z, (k3)) }. (31)

)
)

Antisymmetrizing and taking the squeezed limit, the contributions from non-Gaussianity effects are of order (k3/k;)~!,
(k3/k1)°, (k3/k;)!, and higher order. In the squeezed configuration, the first contribution is expected to be the dominant

one,

BAIN(ky k) o 3 NLH R0

dlog P(ky)
- P(k)4 (b4 — bB 2{—2 2 s — ¥ futpy, 28D
P(k3)(l+fﬂ%) 4k k3Doa (2) (1){(¢ ¢)f/41 (k13 fripz — fuaps) + fuius dlog k,
dlog P(ky)
bA — bB ) - 008 "\ky)
+ (bys ¢5)fﬂ1[ (H1p13 = p3) + pips dlogk,
,0log P(k;)

olog P(k
(BB — s {zu ) - S } (bt b?b9§5)u13g—(1)}- (32)

dlog k; dlogk;

This is the leading f;, contribution to the antisymmetric signal from nonlinear biased clustering. The signal, integrated over

long modes and over angles, is shown in Fig. 1.

10%
102-
=
i
=]
20
n 101-
— /=0
. -=== =1
10 == f=10
10! 100

k [h/Mpc]

FIG. 1. Integral over long modes of (P*)?, with biases b} = 3,
b% = 1.1. The signal is modeled using full kernels and local-type
PnG, as in Eq. (36). This assumes a survey with volume
V, =100 (Gpc/h)3, centered at z =1, and galaxy number
densities n,, = 107> (h/Mpc)* and n,p = 2n, 4.

Going beyond local PnG requires the introduction of an
additional bias operator [31]

w(g) = / (jﬂl;g k¢ (k)e™4, (33)

again evaluated at the Lagrangian position ¢q. The resulting
contributions to the redshift-space kernels in Fourier
space are

Zl,PnG(k) = aObl//kaM_l(k)’ (34)

ra(l ... Lo
ZZ,PnG(p’q>—a0by/T<?q M I(Q)+?P M l(P))

1
+aobw5§(P“M‘1 (p)+q"M™(q))

kuf (u _ _
+aobwgf<;p“/\/l 1(117)+%”q“/\/l 1(q)>-

(35)
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The local PnG case discussed above is recovered by setting
a =0, apb, = fni.by, and more details on the PnG bias
parameters can be found in Appendix C. Detectability
prospects for the local PnG case will be discussed in
Sec. IV B. A more detailed analysis of the antisymmetric
signal and of the detectability prospects for the orthogonal
and folded shapes of PnG is of great interest and left for a
future work.

k

BA(ky, ks3) 1 (ks dlog P(k;)
— ( ) (kl){3(b?—b?)fﬂ1 [ﬁ

Plks)(1+ fu3) ~ 42

III. ANTISYMMETRIC GALAXY CORRELATION
IN REDSHIFT SPACE, INCLUDING PRIMORDIAL
NON-GAUSSIANITY

The full expression, calculated for the first time, for the
antisymmetric correlation in redshift space, including
second-order bias and primordial non-Gaussianity is given
as follows:

piz (71} — 14pgaps + py (4 4 10ud; — 7143))

+ 2(=14fpuys + T fuips + 3(3 + 4pfs)us + papns (=13 = 8pfy + 7fﬂ§))]

dlog P(k;)
21(by — b8 —
+21(b; z)fm( dlogk,
dlog P(ky)
14(b% B, —_—
+ ( K2 -)flul( alogkl
dlog P(k;)

3iHimo 1,
4Dmd( )kz (k) 2

4

-](3) 5

ooy -rtep)|(2)
|

+ (b b8 — bEb5) (k—*>

k
+ (bybE — bEbS) <k’> Sk k) + (bgb,iz—bﬁb?}z)(,:)F;f}z(kl,k.z)}-

The F(k,, k) functions are reported in Appendix B. They
depend on the angles between long and short modes, and
the angles with the line of sight, on derivatives of the power
spectrum, and of the transfer functions.

In the remainder of this work, the second-order bias
parameters will be obtained from the linear-order ones
by means of fitting formulas [31,59,60], as reported in
Appendix C.

IV. DETECTABILITY

In [7,8], an estimator was built in order to extract
information on the amplitude of the modulating long-
wavelength field. The procedure aimed to find the mini-
mum detectable amplitude of the power spectrum of the
underlying field, in the spirit of seeking for fossil imprints
from primordial exotic physics. In principle, this could be
generalized to the case of nonlinear biased clustering as

w%—w@M{Wﬂ4>

<k{wA | (i

k
Yk ks) +5E¢5(k1,k3) (f)f;?(kl,k3)]

k) F k) +

Mz + 2(=pip3 +ﬂ3)>

pip3(Buts — 1) = 2(=4pprs + Opypgs + ps — 3#%3#3))

dlog P(k;) )
—(1-3
+ Jlog k; ( Ki3)

ks

_ k
) k) k) + ()7 k)

1

k
*)f%whhﬁ

1

k17k3 + F ¢5(k1,k%) <_>]’—§{356<k17k3)}

1

(36)

well, and the calculation is reported in Appendix D.
However, for practical purposes, one can take a different
approach and build a signal-to-noise ratio estimator, in the
same fashion as in [61].

Let ky, k3 be the short and long mode, respectively.
Defining the antisymmetric signal as

PAK.K) = 3 53 (0)35(K ~K) = 5,(K = K)op(0)].  (37)

at fixed long mode K, the covariance in the null

hypothesis is

1

Cov(k,k')g = ) [Paa(k)Ppg(k) — Pap(k)Pyp(k)]
X [5,‘3+k, - 5,‘3_,(,}. (38)
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This matrix is not invertible; however, following the same
steps as [62], one can notice that P*(—k) = —P*(k) and
therefore consider only one hemisphere in k space and
combine the contribution from both £ and —k modes,
[(PA(K)?) = (PA(K))] = [(P* (k) P™ (k)
— (PA(k)) (PA(=K))]. (39)

The covariance on the emisphere is

= % [PAA(k)PBB(|K _k|)

+ Paa(|K = k|)Ppp(k)]
— Pap(k)Pap(|K — k|). (40)

ove™(k, K)

The signal depends on the short mode k, the long mode
K, and the angle between them. First, one has to integrate
over the long modes: in this work, the long modes and
short modes are chosen in such a way that they are
separated by at least an order of magnitude, that is, the
minimum squeezing factor is set to 10, so that there is a
hierarchy K < K ,x << kpin < k. As anticipated in Sec. II
A, the SNR unavoidably depends on the arbitrary choice of
squeezing factor.” Of course, the smaller the squeezing
factor, the more triangular configurations will enter in the
integral, and the larger the SNR; however, on the other
hand, the formal derivation has been made in the K < k
limit, therefore one should be careful in including con-
figurations that are not “squeezed enough.” There has been
recently a study in the context of intensity mapping
reconstruction [64] that investigates how to deal with this
issue by keeping higher-order terms. While that approach
will be useful when trying to extract the full signal in the
antisymmetric case, for the current purposes here a simpler
procedure will be adopted, adding by hand a squeezing
factor.

Each pair of short modes ki, k, is sensitive to the
modulation induced by a long mode K = k; + k,, therefore
the minimum accessible long mode K, is taken to be of
the order the fundamental wave number of the survey

ky =2n/ VA!./ 3. In order to restrict to squeezed configura-
tions only, for a given short mode k the corresponding
maximum long mode is K, = k/10. The short modes will
span from ki, X 10k, to some kpy.

The angles between the line-of-sight direction and
the short-wavelength wave vector k; are described by
uy =cos@; and ¢, while the ones describing the long-
wavelength wave vector K are y = cos @ and ¢.

3Comparf:, e.g., to the situation described in [63], where the
bulk of the information is contained in the most squeezed
configurations, and therefore the analysis can be pushed to
K nax = kmin» including triangles that are technically not squeezed
at all.

The signal is PA(k,K) = (B*(k,K)/P(K))5(K). When
including RSD, the long mode power spectrum is
P(K) = (1 + fu3)P(K). The SNR(k) is obtained integrat-
ing the signal squared S*> = (P*)?> over the noise
N? = Cov®™, on the corresponding range of long modes
for each k;, that is,

(S)Z /l/loszK/H n 1
N Ui, Covemi(k,K)

x <%‘> P(K). (41)

Then, integrating over short modes as well,

S 2 V kmax 2 1
— | = u k2dk d d
<N) (Zﬂ)3/kf A ¢1A H1
{ ki/10 k2dK [ +1
ST
v (227 )

< e (B;(&f))zm‘)}’
(@2)

where now ki, = k is set by the volume of the survey and
kmax 18 the minimum scale for the analysis. Notice that the
integration over angles covers only the emisphere in
k space.

Figure 2 shows the SNR for nonlinear biased clustering.
It is shown both as a function of k; after integrating over the
long modes K and as a function of the maximum k_,,, of the
analysis after integrating over k as well. Two cases are
reported: the minimal kernel framework as in [8] and the
full kernel one as described in this work. The minimal
kernel assumption slightly underestimates the SNR with
respect to the more accurate modeling.

A clever choice of the tracers can significantly boost the
signal. For example, in the case of a 50 (Gpc/h)? survey,
centered at z = 1, for a choice of linear biases (bfl‘ =2,
b% =1.5) an SNR of order O(10) is achieved at
kmax ~ 0.6 h/Mpc. However, when targeting, e.g., two
populations with (b{ =3, b® = 1.1) the SNR is O(10)
at kyax ~ 0.3 h/Mpc, which is within the reach of current
analyses [65—67]. This can be used as a guidance for setting
the required source targeting, the exact situation being
different for specific surveys.

The purely linear bias case is also shown: in the presence
of RSD, there is a nonvanishing signal, which is harder to
detect unless reaching higher k... The signal comes from
the fact that in multitracer analyses there will be a mixed
bias-RSD term that carries information on the velocity-
density spectrum, in a similar fashion as unequal time
correlations [10].
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SNR(k

10744/ -

FK linear bias
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10-! 10°
k [h/Mpd]

102 N
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0.12 0.3 0.6 1
Fmax [h’/l\APC]

FIG. 2. SNR for nonlinear biased clustering, sourced by the squeezed bispectrum between two tracers and an underlying dark matter
long mode, antisymmetrized with respect to the two tracers. Left: the SNR is plotted as a function of the short mode k after integrating
over long modes, Eq. (41). Right: the SNR has been integrated over short modes as well, Eq. (42), and it is plotted as a function of the
maximum wave number of the analysis, k... The various lines represent calculations with minimal kernels as in [8] (MK, dashed) and
full kernels as computed in Sec. IT A (FK, solid). The case for full kernels with linear bias only is also shown (dot-dashed). The plots
show results for two example cases (b{ =3, b¥ = 1.1) in black and (b} = 2, b¥ = 1.5) in gray. The survey volume is taken to be
50 (Gpe/h)?, centered at z = 1, with tracer density n,, = 107> (h/Mpc)?, n,p = 2n, 4.

A. Constraints on the bias

It comes natural to investigate if the antisymmetric
correlation, as it is depending on combinations of the
bias parameters that are different from the standard case,
can constrain them (or a combination of) in a mean-
ingful way.

In the minimal kernels case, the signal is proportional to
the antisymmetrized combination of bias parameters
PA o« (bgcy — bycg) = 2. Using this simplified case for
an estimate of the precision reachable in measuring 2, then
0,/2~1/SNR (68% CL). When including RSD, gravita-
tional evolution, and the other second-order bias parame-
ters, the scaling becomes much more complex and the
constraining power cannot be summarized in such a
straightforward way.

As mentioned in the previous section, the linear bias
parameters {b}, b%} will be connected to the higher-order
ones by means of fitting formulas [31,68] and reported in
Appendix C.

If one were to consider the entire set of parameters, the
main limiting factor for the constraining power on the bias
parameters would be degeneracies (as expected and, as it
happens, for standard observables including loops), espe-
cially when accounting for all terms included in this work.
As can be immediately seen from Eq. (36), the biases

{bt. b}, b3, b5, by, b2, } combine in the final signal in a

way that makes it difficult to disentangle the single con-
tributions. There is virtually no constraining power on the
full set of bias parameters, and even pushing the analysis to
amore aggressive k,,, ~ 0.6 h/Mpc, the constraints are not
competitive with other available observables.

Figure 3 shows the dependence of the constraining
power on k., (Where of course one would need to model
nonlinearities), for two choices of fiducial biases (b{ = 3,
b =1.1) and (b} =2, bP=1.5). Constraints of
O(10%-30%) on the linear bias parameters are achieved
when reaching k,,, ~ 0.3 #/Mpc. This is not competitive
with expected constraints from future galaxy surveys, but
the analysis performed here is a very rough estimate: a
more detailed procedure, including several redshift bins
and their correlation and pushing the analysis to higher
redshifts and smaller scales, may significantly improve the
constraints.

B. Primordial non-Gaussianity

This section investigates the constraining power of the
antisymmetric galaxy cross-correlation on local PnG. The
signal is modeled using the full kernels, as in Eq. (36), and
assuming a fiducial f; = 1 and {b7 = 3, b5 = 1.1}. Only
the o k=2 scale-dependent bias associated with local-type
PnG is investigated here. As a first rough estimate of the
constraining power, the results on o~ are obtained via a
Fisher forecast on fyp alone, with
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FIG. 3.

nga =107 (h/Mpc)?,
on the right panel.

0.12 0.3 0.6 1
Kmax [h/Mpc]

Forecasts on {54, b¥}, with second-order biases being linked to the linear ones by the fitting formulas. The plot shows the
dependence on ky, of the 1o constraints on b¥. The survey volume is 100 (Gpc/h)3
ngp = 2n, 4. The fiducial biases are set to (b{‘ =3, bf = 1.1) on the left panel and to (b‘f‘ =2, bf =1.5)

centered at z = 1, with tracers

Vv Kinax 2n 1 k/10 K2 4K +1 2n oPA(k,K)\?
2 K*dk d d d . . 43
O <2n>3£,. l ¢1/0 ’”{/k,. / / ’c emle)( of L >} )

A more complete analysis, including degeneracies—
especially with the linear bias parameters b4 and b¥—and
extending to orthogonal and folded shapes, is left for a
future work.

Figure 4 investigates what would be the requirements for
a survey to set stringent bounds on local fy; using this
observable. Two directions are explored: a larger survey
volume and a larger number density. Both are beneficial, but
the improvement given by a larger survey volume tends to

Nt =1, kmax = 0.12 h/Mpc

10
O~ 140

120

100

80

r60

r40

1
50 100 150 200
V. [(Gpe/h)’)

saturate: this is because, given the need to keep a hierarchy
between long and short modes, the integration over short

modes can never be pushed down to k., = 2x/ Vl/ 3,
The results fall in the same order of magnitude as recent
constraints on fy, using the scale-dependent bias, obtained
from the power spectrum of quasar samples in the eBOSS
survey [48,69,70], giving 1o, ~ O(20), as well as the
forecasted constraining power for DESI and Euclid using
the power spectrum only [71], which will give similar

e =1, Emax = 0.6 h/Mpc

10
40
',
35
30
SF r25
51
20
r15
\ F10
200
Gpc/h

FIG. 4. Value of 6, when varying some survey specifications.
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results to the Planck ones lo;  ~ O(10). However, they
are not competitive with a combined analysis of power
spectrum and bispectrum, and with future radio [72,73] and
galaxy surveys such as SPHEREx [49] and the proposed
SIRMOS [74], that forecast o7, < 1.

V. TESTS OF ALTERNATIVE
COSMOLOGICAL MODELS

The antisymmetric galaxy cross-correlation is not just a
new observable, but it presents the advantage of being
sensitive to some exotic fundamental physics models that
would otherwise not be tested when using more standard
statistics; roughly, it can be thought of as something similar
to tests performed with cosmic fossils [29,75], but being
sensitive to odd moments. The antisymmetric cross-
correlation can be sensitive to models that include a
preferred direction or where underlying long modes affect
different populations in specific ways.

This section investigates a few examples of beyond
ACDM models that can imprint signatures that can be
tested by the antisymmetric cross-correlation of two tracers.
Where not otherwise specified, the survey specifications
are as in the previous section.

A. Vector modes

In the presence of primordial vector fields from inflation
[76-78]—for instance, in axion inflation [79,80], where the
inflaton is coupled to a U(1) gauge field, or due to
primordial magnetic fields [81,82]—a vector polarization
can arise in the presence of some preferred direction, to
which the two tracers would respond in different ways and
therefore give a nonvanishing antisymmetric signal.

The generic parametrization of the antisymmetric com-
ponent as in [8] is

PAy k) = follerdes) iy (k3)2, - (ks +Ks), (44)
p

with p = L, x,y. Taking the longitudinal polarization €,
along the long mode direction, 1273 =K, a complete ortho-
normal basis is given by

K = (cos 05 cos ¢h3, cos 05 sin ¢h5, sin 65,

(sin g3, —cos ¢h3,0),
K x X = (sin 0 cos g5, sin 05 sin g5, — cos 03).  (45)

P>
Il

g

Figure 5 shows the SNR for a signal as in Eq. (44), taking
an amplitude [7] /2, = =3 Z{™(k,, 2)P(k;)/k,, where the
dark matter kernel is Z{™(ky, z) = (1 + fu?), and a scale-
invariant power spectrum P(k3) = F(27°A,/k3), with
some amplitude F, which can be constrained.

107 F=1
— =10
— F=100

10%4
— F =1000
10" 4
100 /
10! /

10724

SNR

0.12 0.3 0.6 1
Kmax [h/Mpc]

FIG. 5. SNR for the two vector polarizations p = x, y, plotted
as a function of k,,,, after integrating over both long and short
modes. The long mode /,(k3) is a vector field of primordial
origin, where the power spectrum is taken to be a scale-invariant
F(27%A,/k3); the SNR is shown for different amplitudes F.

The covariance is obtained assuming that there is no
cross-correlation in the absence of the long mode, i.e.,
2PY (ky )P (ky), as in [8].

B. Two-component dark matter

There has recently been interest in models where the
dark sector is not made by one single particle but it is
extended and there are different particles in the dark sector,
with particular focus on direct detection searches [83—88].
However, clustering properties of different biased tracers
may provide an alternative detection method: it was
proposed in [8] that a two-component dark matter model
may leave an antisymmetric imprint if the two tracers
cluster in different ways.

As an example, one can imagine that the dark matter
components are affected by a relative modulation that
imprints a preferred direction: for simplicity, let us asso-
ciate it with the second tracer, 5g(k) = b85(k)(1 + Ak - p),
with p the preferred direction and A controlling the strength
of the modulation. Then

(84 (k)85 (k)8(k3)) = b bF (1+ Ak ) (5(ky )5(ky)5(ks3)).

(46)
so that, after antisymmetrization, one is left with a signal
& b bEB gy (ky ko, k3)A(ky —ky) - p with & = p. Adding

RSD, in the case of generic kernels, the antisymmetrized
bispectrum between the two tracers is

By o k) = 3 [(1 4 Ay 9) {54 (k1 )5, (K25, ()

- (1 +Ai€1 ﬁ)<6YB(kl)ﬁs,A(kZ)és(k3)>]
(47)
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FIG. 6. SNR for the amplitude of the two-component dark
matter model, with amplitude A and preferred direction either
aligned with the line of sight p = (0,0, 1) or orthogonal to it, as
an example p = (1,0,0). A linear bias relation is assumed. The
solid and dot-dashed lines include both RSD and gravitational
evolution, while the dashed line shows the signal without RSD.

This sources a signal

BA(klvk27k3)

PA(kl7k3) - P(k';)

5 (k). (48)
ky+hr+h3=0

Notice that, since RSDs leave a nonvanishing signature
even with linear bias only, this signal will get contributions
that come from Eq. (23) and are not due to the new
ingredient « A.

The (emisphere) covariance will also get modified with
respect to Eq. (40) as

) 1 A
Covemi(k,. k. kes) = 3 [(1 4+ Aky - p)?Pas(ki)Ppg(ksy)

+ (1 + Ak - p)*Paaky)Pyg(ky)]
— (1 + Ak, -p)(1 + Ak, - p)
X Pag(ky)Pap(ks). (49)

Figure 6 shows the SNR for the signal above. The
procedure of exchanging the two tracers is actually sensi-
tive to the projection of the relative displacement between
tracers onto the Fourier plane embedding the three wave
vectors. Those wave vectors that happen to lie orthogonally
to the preferred direction will give no contribution to the
signal.

C. Anisotropies from inflation

Statistical isotropy and/or homogeneity may be slightly
violated, due to some physical process of primordial origin.
In the presence of a dipolar or quadrupolar (or higher)
modulation of the primordial curvature power spectrum, the
matter power spectrum inherits a new factor so that
antisymmetric correlations could test such a model. In this
case, the power spectrum can be written as [89,90]

(C(k1)C(Ka)) = (2m)3 6P (Ky + Feo) Pe (Kn ) [1+ P (K1)]

(50)
where, for a generic distortion multipole L,
(k1) =Y grarf (k) Yiar (k). (51)
M

with g; ,, being the amplitudes of the modulation and f (k)
carrying the scale dependence. Notice that this case is
different from the previous examples: here, the two tracers
respond in the same way to the primordial modulation that
is imprinted in the initial conditions. In this sense, the
antisymmetric signal is still the one that was calculated for
the nonlinear biased clustering, but the SNR is modified by
the additional anisotropic factor that comes from the
primordial curvature power spectrum. In fact, the extra
factor can be interpreted as an effective scale-dependent
bias, b; (k) = by (1 + ®(k)); however, the scale dependence
is the same for every tracer, and in the case of purely linear
bias and no RSD, the antisymmetric signal would vanish,
the same way it would for nonlinear clustering.

Figure 7 shows the signal squared (P*(k;,k;))* as a
function of the short mode, both for the dipolar and the
quadrupolar modulation. The amplitude of the new term
has been set to order O(1).

It can be seen how, for the dipolar modulation (and the
modeling considered here), there is a scale-dependent
change, which modifies the amplitude especially at large
scales. For the quadrupolar, on the other hand, the change
varies depending on the power of the f(k) considered,
making different parts of the analysis more sensitive to
different models.

1. Dipolar distortion L=1

In [91,92] the dipolar asymmetry was found to be
~6%—T% on angular scales £ < 64. A dipolar distortion
L =1 in the CMB can be described by a multiplicative
modulation T(it) = Ty, (i2)(1 + Af - p) with p the pre-
ferred direction of the modulation, and A ~0.07 [93].
The power spectrum acquires the extra contribution

Pk = S g (9)Yiar(h) = Af(k‘);\/i (cos0 —V2sinfcos o) | (52)
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Signal (P*(k,,k3))? integrated over angles and over long modes, for a correlation sourced by nonlinear biased clustering in

the presence of an anisotropic modulation of the power spectrum, with L = 1 (left) and L = 2 (right). The amplitudes of the anisotropic
contribution have been set to a larger value of 1, to visually appreciate the effect with respect to the purely isotropic case.

using ¢, _y = (=1)gj,, and assuming for simplicity
g10 = 911 = A. The following cases will be studied:

k k\2

These parametrizations were introduced in [90] as a
heuristic model to capture the main qualitative features
emerging from CMB and quasar abundance observations,

(53)

105_
104_
5103_
3
%
A 102_
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— f(k)xk
10° ——== f(k) x K?
10~ 10°
k [h/Mpc]
FIG. 8.

i.e., a large-scale dipolar asymmetry that rapidly decays and
vanishes at k ~ky = 1 Mpc~!.

Figure 8 shows the signal squared and the SNR in the
presence of dipolar anisotropies, having set the amplitude
of the anisotropic contribution to the maximum value
currently allowed by Planck constraints, A, = 0.07 [94].

As it can be seen, the effect is small. The right panel
shows the ratio between the SNR for the anisotropic
(dipolar) model and the isotropic signal from biased

1.25 1

1.20 1

—_
—_
ot

SNR'(Lni/SNRiSO
S

LOST k) o & >

—ees (k) k2

1.00 T
0.12 0.3 0.5

kmax [h/lwpc]

Left: signal (P* (k, K))? integrated over angles and over long modes, for a correlation sourced by nonlinear biased clustering in

the presence of an anisotropic modulation of the power spectrum, with L = 1. Right: ratio of the anisotropic SNR to the isotropic case.
The amplitudes are the maximum ones allowed by Planck constraints, A, = 0.07 [94]. As before, the survey volume is 100 (Gpc/h)3
centered at z = 1, with tracers n, 4, = 107 (h/Mpc)*, n, 5 = 2n, , and biases (b = 3, b¥ = 1.1). The dipolar modulation results in an
order few percent enhancement of the SNR, depending on the maximum scale k,,,, used in the analysis.
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FIG.9. Left: signal (P2 (k, K))? integrated over angles and over long modes, for a correlation sourced by nonlinear biased clustering in
the presence of an anisotropic modulation of the power spectrum, with L = 2. Right: ratio of the anisotropic SNR to the isotropic
case. The amplitudes are the maximum ones allowed by Planck constraints, g, _, = —10* and gy, = 1072 (M = —1,0, 1,2) [94]. As
before, the survey volume is 100 (Gpc/h)3 centered at z = 1, with tracers Ngs = 1073 (h/Mpc)?, ngp = 2n,, and biases b =3,
b% = 1.1). The quadrupolar modulation essentially does not change the SNR with respect to the fully isotropic case, when within the

current Planck limits.

clustering. It can be seen that the SNR gets enhanced with
respect to the purely isotropic case. Depending on the
significance of the isotropic case, there is, in principle, the
opportunity to detect such a signal and therefore be
competitive with existing constraints from Planck. A more
detailed analysis is needed, including a study on the trade-
off between going to larger values of k,,,, and having more
general constraining power, but having a less relevant
contribution from the dipolar modulation, which is most
important on the largest scales. For this reason, the ratio to
the isotropic SNR case approaches 1 on small scales, and
there is not significant gain in pushing the analysis to very
high k-

?(k) = %g2Mf(k)Y2M(I::) = gng(k)i\/E[ii cos® 0 - 1 +/6sin” 0 cos(2¢) — V6sin(20) cos ¢] ,

with g, 5 = (-=1)Mg5,, [94] and for simplicity g,y =
g1 = 920 = goy- Both the amplitudes and the function
f (k) are strongly dependent on the underlying inflationary
model. In a model-agnostic approach, the following cases
will be studied:

A possible direction to explore to detect anisotropic
imprints within this framework can rely on a characteri-
zation of the scale dependence of the SNR, either as a
function of the survey’s short modes k or as a function of
kmax—provided nonlinear scales can be accurately
modeled.

2. Quadrupolar distortion L =2

A quadrupolar distortion L = 2 arises, for example, in
models of inflation where the inflaton is coupled to a vector
field with a nonvanishing vacuum expectation value
[77,95]. The term encoding the anisotropy is

(54)

with k, = 0.05 Mpc~! the pivot scale adopted in the Planck
Collaboration. Planck upper bounds give |g,y,| < 1072 for
all these cases, except for (k/k,)™ for which the bound is
stronger g, _, ~ —107* [94].

Figure 9 shows the signal squared and the SNR in the
presence of quadrupolar anisotropies, having set the
amplitude of the anisotropic contribution to the maximum
value allowed by Planck constraints [94]. As it can be seen,
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the modifications induced by such a level of quadrupolar
anisotropy, on the scales of interest, are very small.

Therefore, it appears clear that Planck already constrains
the amplitudes of the quadrupolar modulation to a level that
will not realistically be reached by antisymmetric galaxy
correlations. The right panel of the figure shows how the
SNR from this modulation is virtually unchanged.

VI. CONCLUSIONS

This paper investigates one of the recently proposed
observables for galaxy clustering, the antisymmetric galaxy
cross-correlation. The antisymmetric component of the
two-point galaxy cross-correlation function arises when
the small-scale power is modulated by a long-wavelength
field. Such a signal is sourced by the squeezed bispectrum
of the two objects being correlated and the long mode,
underlying field. This signal can be decomposed into
longitudinal and transverse components, sourced by differ-
ent physical mechanisms.

The first expression for this observable was given in [8];
this work provides a more accurate modeling by adding
redshift-space distortions, nonlinear gravitational evolu-
tion, second-order bias expansion, and primordial non-
Gaussianity. Moreover, for the first time, the detectability
of this signal is investigated from a quantitative point of
view by building a recipe for calculating the SNR and
applying it to various examples.

In the standard ACDM scenario, an antisymmetric cross-
correlation arises between different tracers of the under-
lying dark matter field because of nonlinear biased
clustering.

Beyond ACDM, the antisymmetric cross-correlation can
pick up the signature of some exotic beyond the standard
model scenarios. In particular, this can happen for models
where the two objects being correlated respond in a

For these reasons, this observable can be a powerful tool
to search for hints of new physics. This work investigates
the signature of some of these models. A particularly
interesting case is the imprint of vector modes [8] that arise,
e.g., due to primordial magnetic fields [81,82] or in models
of axion inflation [79,80]. Other signatures of these fields
are related to, e.g., compensated isocurvature perturbations
[96]. Other examples are a two-component dark matter
model as suggested in [8,83-88] and the extra signature
coming from primordial anisotropies imprinted in the
power spectrum after inflation [90].

These are just few examples that are meant to demon-
strate the potential of this new observable in testing both
early and late Universe physics. Its full potential for
specific models for realistic surveys will be investigated
in a future work.
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APPENDIX A: FOURIER-SPACE KERNELS

Keeping the full relation between redshift- and real-
space overdensity, Eqs. (14) and (15), including the
Doppler term [34] and selection effects, the first- and
second-order redshift-space kernels for biased tracers are,
in Fourier space,

different way to the underlying field and for models with Z(k) = by + fu? - M (A1)
anisotropic features inducing a privileged direction in kr
the sky.
|
by 2 1 2
ZZ(p’q)ZE_'—blFZ(pﬂq)—i_sz ,upq_g +flu G2<p7q)
infa kuf (up o Hyg )
- G, (p, — = —(b
T Gatp.a) + L (B2 014 118) + 2501+ 1)
ifa ﬂp bl 2 U bl 2 zlupiuq
- == == -/ -2)— A2
e (i) + 2 (24 18| - 22 ot 2) - ). (A2)
with k =p + ¢, and
_Ion L, _ s (A3)
Yrar T ” TR
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APPENDIX B: FULL EXPRESSIONS OF THE F FUNCTIONS

The full expressions of the F(k;,k;) functions that appear in Eq. (36) are as follows [the superscripts refer to the
corresponding order in the expansion in powers of the long mode over the short mode, (k3/k;)]:

dlog P(ky)

Flogh, )fﬂ?]ﬂls + 2f/¢1/43}, (B1)

Fi ey k) 242T(k1)f,u%{[_2+ (_4+

dlog P(k B PPk dlog P(k
F;O)(kl,kg:—21T(k1)f/41{—fy?[—4+70g ( 1)+(24+ 1P 1)) 2, _gdloePlky) 2}

dlog k, P(k)) oKz )M 77 ologk, 113
dlog P(ky) dlog P(ky)

dpsprs — 6( =4+ 250U ) g2 oy |14 (-4 + 22200 2 358 B2

+ dpyaps ( + log k, Suipiaps +2u |1+ + dlog k; His = 3fu3| ¢ (B2)
(1) ki k) = —6 2 1 -22 7010gp(k1) _7010gT(k1) 2
Fy (ki k3) fﬂ]{ pz |1+ + g k; Jlog k, Hi3

0log T'(ky) dlog P(ky)
+ U3p3 [Tgkl (=6 + 6u7; = Tfp3) + “ologk, (6 = 6uis +7fu3) — 4(3 = 3uis + 7f13)

dlog P(k
+ 7fT(k1){—6ﬂ13/4§ + 6413 {—2 -2 <—4 + ali—ggcl)) pis + fﬂ%}
1

dlog P(k;) _dlogP(k;) k2 0*P(k))
9fuius |—4 -9 i+ (24 : i
+ f“”“[ T logk, dlogh, "\ iy e )M
B PP(ky) K 0*P(k;) olog P(k;)
4ups |72 = 19242 L2 | (3= 15u%) +3—=——"1 (=9 4+ 29,2
* dia| 721924+l ST + o 0 - 151 3T 9+ 29
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P‘lﬂl%[ ( + Pky) k2 >P‘13 +24fp3 + log k, ( i — 6fu3) (B3)
- dlog P(k
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) 3
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dlog P(ky)
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APPENDIX C: BIAS PARAMETERS

In this paper, the second-order biases have been linked to
the linear-order one by means of the fitting formula and the
local-in-matter-density relation, respectively [31,68],

by(by) =0.412-2.143b1 +0.929612 + 0.008b13,  (C1)
bye(by) = =3 (b = 1), )

and the universal mass function relations
by = 26,(by — 1), (C3)

123543-

bys = —=by 1 + cba g + by

8

21

with §, = 1.686, and the Lagrangian biases being con-
nected to the Eulerian ones as [35,97,98]

bl.L :bl_la (CS)

8

by = b, _i(bl -1). (Co)

For generic type PnG, one needs to take a step back to
the definition of the bias parameters as encoding the
response of the galaxy overdensity to a change in the

17
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initial conditions, e.g., if one parametrizes this change as a
rescaling of the initial density perturbation by (1 + 2ek™),
then

. 11",
vo" T N'ii, 0AN de

, (C7)
A=0,6=0

where A is the long-wavelength component of the over-
density field [31,99,100]. The Eulerian bias parameters b,,
and b, are obtained as [47,101]

dlno? o’
—a/2 —a/2
b, = |b 4{ ———-1) | ——, C8
v {¢+ <61n02 )] o2 (C8)
and
17
bv15:A|:50rb2+_126cr(b1_])+(bl+l)
dlno
—(1/2 —11/2
2———=-3 2 C9
X< dlno? >+} o’ (©9)

witha = 0, A = 1 for the local case and a = 1, A = =3 for
|

— 1

the orthogonal case, and

2_/ dgk
=] @ap”

APPENDIX D: ESTIMATOR

An estimator for the amplitude of the long mode was first
proposed in [7] and then applied in [8] to the antisymmetric
case, in the null hypothesis where (;(k;)5,(k;)) is
vanishing in the absence of the modulating field. In the
case of biased clustering, however, the situation is different,
and the procedure outlined there needs to be generalized.

To single out the antisymmetric part of the signal, the
quantity of interest is, in discretized form [62],

"P (k)W (k). (C10)

% [61 (k)35 (Ky) — 8, (k2)65 (k1 )]

= Vi, 1,0 (K)fp (ki ky)K - (k) —ky), (D1)

where V 51(1 ks, KBO(2H)35( )(k] +k2 +K)

Each pair k;, k, provides an estimator (changing sign
of K)

O(K) = 5 (81 (k1)32 (ko) = 6, (k2)&> (k1 )] [/ 7. (Ky Jo)K - (ky k)] ™! (D2)
The variance of the antisymmetrized combination of density fluctuations is
%((51 (K1), (ky) — 61 (k)5 (k1)) (81 (K} )2 (k) — 6y (K5), (K )+
— (01 (K1)82(k2) — 61 (k2) 52 (K1) (81 (K1 )62 (3) — 61 (3)62 (K1)
:%[Pl(kl)Pz(kz) + Py (ky)Py(ky) — 2P 15 (ki) Pra (k)| (8 o+, 5D+k/ 51131+k/ 5k, k) (D3)

where k, = K —k; and k),

— K — K. The term [f} (k). k))K

- (k| —k,)]™" picks up a negative sign from the second

combination of Dirac delta’s, so that the overall variance gets a factor 2 and becomes

%[f?(khkz)f(‘ (ky — k)]

The optimal estimator is obtained by summing over all modes with inverse variance weightings

5(K) = P, (17 (ky k)R - (ky

—k>)|

®2 75

Py(ki)Py(ka) + Py(ky)Py(ky) —

[fL <k17k2)K ) (kl _k2)]2

(P (ki)Pa(ka) + Py (ko) Py (ki) = 2Py (ki) Pra(ka) ). (D4)
1
2P12(k1)P12(k2))§ (61 (k)85 (ky) — 8, (ky)8,(ky)],
) (Ds)

=[S

Since (|5(K)[*)

K provides an estimator for the amplitude

ki)Py(ka) + Py (ky)Py(ky) —

Ag = P(K)™!(

= V(P(K) + P,(K)), if one parametrizes P(K)

Vi s(K)[* - P.(K)),

2P (ky )Py (k2))

= AP /(K) with a fiducial power spectrum P(K), each

(D6)
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so the optimal estimator is

A a;% (Vi5(K)] - P.(K)), (D7)
L (PE)
DY 7xrrcd o

The quantity ¢ roughly represents the sensitivity to the
amplitude of the underlying long mode power spectrum
and therefore can be used to get an estimate of the detection
threshold of the modulation effect.

The sum over Fourier modes becomes » , >
V/(2x)? [ d’k. For the short modes, V =V the survey

volume. In order to restrict to squeezed configurations
only, at a given long mode k5, the lower integration limit is
set to k;, = 10K, where 10 is the (arbitrarily chosen)
minimum squeezing factor. As for the long modes, the sum
over modes should account for all the large scales that, in
principle, can modulate the two-point function on the
scales k;, k,. Modes that are much larger than the survey
will be degenerate with the background, therefore V ~ V
as well, and the lower integration limit can be taken to be
of order the fundamental wave vector of the survey,
Koin ~ 27/ Vi3, Both integrations run up t0 ky,. In
practice, given the squeezing requirement, the integration
over long modes stops at K,,,, = kyax/10.
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