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Abstract. Measurements of the clustering of galaxies in Fourier space, and at low wavenum-
bers, offer a window into the early Universe via the possible presence of scale dependent
bias generated by Primordial Non Gaussianites. On such large scales a Newtonian treatment
of density perturbations might not be sufficient to describe the measurements, and a fully
relativistic calculation should be employed. The interpretation of the data is thus further
complicated by the fact that relativistic effects break statistical homogeneity and isotropy
and are potentially divergent in the Infra-Red (IR). In this work we compute for the first
time the ensemble average of the most used Fourier space estimator in spectroscopic surveys,
including all general relativistic (GR) effects, and allowing for an arbitrary choice of angular
and radial selection functions. We show that any observable is free of IR sensitivity once
all the GR terms, individually divergent, are taken into account, and that this cancellation
is a consequence of the presence of the Weinberg adiabatic mode as a solution to Einstein’s
equations. We then study the importance of GR effects, including lensing magnification, in
the interpretation of the galaxy power spectrum multipoles, finding that they are in gen-
eral a small, less than ten percent level, correction to the leading redshift space distortions
term. This work represents the baseline for future investigations of the interplay between
Primordial Non Gaussianities and GR effects on large scales and in Fourier space.
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1 Introduction

The cosmological interpretation of galaxy clustering data is complicated by the fact we ob-
serve the angular position and redshift of the galaxies, rather than their true physical position
on the lightcone. The mapping between these two systems of coordinates is distorted by a
number of observational effects.

The most important one is Redshift Space Distortions (RSD), i.e. the contribution of the
galaxies peculiar velocity, projected along the line of sight (LOS), to their observed redshift.
RSD select the observer’s location as a special place and therefore break the isotropy and
homogeneity of nth—point correlation functions. On the other hand, RSD give access to
information about the velocity field we would not be able to retrieve otherwise.

Other observational effects, arising from the perturbation of the observed redshifts and
angles, are proportional to the gravitational potential or its gradient and are therefore sup-
pressed on sub-horizon scales with respect to the underlying dark matter density field, while
becoming important only on very large scales. The relevant dimensionful parameter is the
Hubble scale, which separates sub-horizon modes where Netwonian physics applies from the
super-horizon scales where the full General Relativity machinery is at work. For this reason
these observational features are usually called general relativistic (GR) effects.! Examples of
GR effects are lensing, doppler magnification and the Integrated Sachs-Wolfe (ISW) effect.
Galaxy clustering in a relativistic framework has been first derived in refs. [1-5] in linear
perturbation theory and then extended to higher orders in refs. [7—11]. It has been also
generalized to vector perturbations [12], non-flat FLRW universe [13], intensity mapping [14]
and Ly-« forest [15] observables.

GR effects are important for two main reasons. The first one is that they provide a
fully gauge-invariant framework to test gravity on the largest scales. Secondly, GR effects
could be a contaminant to measurements of local Primordial Non Gaussianities (PNG) in
the clustering of galaxies with scale dependent bias [16—-19]. Local PNG appear as large
scale divergences, proportional to the primordial gravitational potential, in the clustering
of biased tracers. Local PNG arise from the coupling between the large and small scale
modes generated during inflation, and in the squeezed limit they cannot be generated by the
dynamics of GR at later times. However, projection effects, like the GR. effects responsible
for the mapping between true and observed coordinates, could mimic PNG, since they also
contain terms proportional to the gravitational potential. The literature on the subject
is vast: for photometric surveys measuring angular power spectra, marginalizing over the
unknown free parameters that enter the full GR expression causes significant degradation
of the error on local PNG [20-23]. This is in part due to GR effects contributing mostly
to the cross correlation between different redshift bins, which would be zero in a standard
Newtonian approach. In Fourier-space (but in plane-parallel approximation and neglecting
integrated effects)ref. [24] concluded that the degeneracy is reduced, especially if one is able
to set priors on evolution and magnification biases, due to the different redshift evolution
between local PNG and relativistic effects. A deeper understanding of this issue is therefore
of utmost importance for future surveys that could improve over current CMB [25] and
Large-Scale Structure [26] constraints by an order of magnitude [27].

'Let us remark that Einstein’s equations are not required to derive the relativistic galaxy number counts,
see refs. [1-5]. However the cancellation of the infrared divergences discussed in this work relies on the
existence of the Weinberg adiabatic mode [6] as a solution of linearized Einstein’s field equations.



On this topic, it has been recently argued in [28] that GR effects do not produce any
PNG-like feature at large scales in the galaxy power spectrum. This is interpreted as a
consequence of the equivalence principle. The cancellation of these terms holds for the
variance of the galaxy density field, and for a galaxy power spectrum the authors in [28]
define such that its variance corresponds to the observed one.

The goal of this work is to clarify on the issue of whether GR effects could be degenerate
with a measurement of local PNG. We will confirm the result in [28] for the variance of the
galaxy density field, but at the same time we will show the power spectrum as defined in [28§]
is not observable, and that true observed power spectrum as estimated in galaxy redshift
surveys receives contributions proportional to the gravitational potential even in the absence
of PNG. However, these terms do not show any sensitivity to long wavelength modes, which
we will demonstrate is a consequence of the equivalence principle and of the existence of
Weinberg adiabatic modes [6]. Contributions to the power spectrum arising from local PNG
are instead genuinely sensitive long wavelength modes. For the first time we will also include
observational effects like an arbitrary survey geometry and selection function when discussing
the importance of GR effects on the power spectrum. Differently than previous analyses in
Fourier space, our approach will include also wide-angle and evolution effects consistently.

This paper is organized as follows. In section 2 we introduce the power spectrum esti-
mator and we discuss its interpretation and its connection to the theoretical modeling. In
section 3 we describe the fully relativistic galaxy number counts and then in section 4 we
discuss the cancellation of the IR divergences in the correlation function. In section 5 we
compute the power spectrum including all the relativistic effects and then we conclude in sec-
tion 6. Several appendices contain the details about azimuthally symmetric window functions
(appendix A), the full relativistic correlation function (appendix B) and the contribution of
the observer velocity (appendix C).

In this work we adopt the following Fourier convention for the Fourier transform

3 A )
169 = [ Gl B¢, 109 = [dtf (e, (1.1

and the Hankel transform
€ (s) = ie/;fzkzpe (k) je (ks) . Po(k)= 477(—1')6/d882§e (s) je (ks) - (1.2)

2 The power spectrum estimator

Given a catalog N(n, z) of galaxy positions in the sky, n, and redshifts z, we have several
ways to construct a quadratic estimator of the data. For the remainder of this work we
will focus on spectroscopic surveys, where redshift accuracy is obtained for each object in
the catalog. If one wants to work in the observed coordinates, then a spherical harmonics
approach leads to the measurements of as many angular power spectra as redshifts bins of the
data (plus their cross correlation). The advantage of this approach is that the implementation
of GR effects is simple and there is no need to assume a fiducial cosmology to perform the
measurements, the so called Alcock-Pacinski effect [29].2 There are two main drawbacks of
using angular power spectra. The first one is that, to achieve optimal signal extraction, the

2We have efficient and accurate numerical tools to compute the redshift-dependent angular power spectra
including all the relativistic effects: cLASS [30-32] and CAMBsource [3].



number of redshift bins has to be extremely large, see for instance refs. [33, 34]. This is more
of a concern for small scales analysis than for PNG ones, however in the latter case one has
to compute the cross correlation between all the different bins. This results in a large data
vector, which makes the estimation of the covariance matrix of the data a challenging task.
The second problem is that the connection to the perturbative approaches beyond linear
theory, required to properly model the small scales, is non trivial.? Similar conclusions hold
for spherical-Fourier-Bessel (sFB) methods [37-44], where the redshift coordinate is radially
Fourier transformed.

The other main option to build a quadratic estimator of the data is to work in a 3D
coordinate system and measure the two-point correlation function or the power spectrum.
This approach assumes a fiducial cosmology to convert angular positions and redshifts into
distances. This causes no loss of information, but it requires some care if the assumed
fiducial cosmology is very different than the true underlying one. That is however not a
worry since Planck [45] and BAO [46, 47] measurements have constrained the distance-
redshift relation to a few percent. The advantages of 3D methods are the straightforward
connection to perturbation theory and the reduced dimensionality of data vector, comprising
of approximately 100 data points. The main drawback of 3D estimators is that GR effects
are not easily implemented, especially the ones integrated along the line of sight, like lensing
magnification, ISW and time-delay. One of the main goal of this work is to resolve this
issue as well, providing the exact interpretation of the estimator of the power spectrum. Due
to its practical advantages and robust theoretical interpretation the 3D methods should be
preferred in spectroscopic surveys, and Fourier ones in particular to constraints on PNG.

A generic estimator for the multipoles of the power spectrum can be written by summing
over all pairs of galaxies with the appropriate Fourier phases,

~ 2L +1 Ay
P (k) = 1 e

/ dPs1d%sy A (s1) A (2) 6 (1) 6 (s2) X172, (K - dios)

(2.1)
where A is a normalisation constant, A(s) denotes the galaxy density contrast, ¢ (s) is the
survey window function, and L is the Legendre polynomial of order L. This is the so called
Yamamoto estimator [48], which reduces to the FKP estimator [49] for L = 0. Beyond the
monopole, the estimator depends explicitly on the choice of the line of sight, djog, for the
pair of galaxies at s; and ss.

For an unbiased estimate of cosmological parameters it is therefore of utmost importance
to first understand the relation between the average of the estimator and the analytical
prediction. Some of the following considerations have appeared elsewhere before [50, 51], but
we report them here for clarity. In section 1 we said that RSD, and other GR effects, break
homogeneity and isotropy of correlation functions, making for instance the power spectrum

of the observed galaxy density field non-diagonal. This means that if we Fourier Transform
Als(n, z)] to A(k), we obtain

(A(k1)A(k2)) = P(ki,ks), (2.2)
while the Yamamoto estimator defined above is a function of a single wavenumber k. We

will now show that the relation of P(ky, ko) with P, (k) is LOS-dependent. Consider first
the midpoint as the line of sight, dros = dm = (s1 + s2)/2, and assume that the window

3See [35, 36] for a recent solution to this issue.



function is equal to unity everywhere inside the survey volume, which we take to cover the
whole sky. It is easy to see that in this case the average of the estimator is given by [50, 51]

3 .
(Buy) = BEED [aa,, [ 20 pace
< | %P(k L a2kt /L& dy). (2.3)

revealing that the Yamamoto estimator further compresses the underlying power spectrum
by averaging over the wavenumber q associated to the line of sight d,,. Another possible
choice for the line of sight is one of the two pair members, dr,os = s1, usually called the
endpoint line of sight. In this case

ko

<PL( 2L+1

Pla-kk =Ly (k-s1),  (24)

which shows how different choices of LOS result in different weighting of the momentum q.

A more compact expression for the average of the estimator can be obtained by noticing
that the configuration space two-point correlation function depends on the triangle formed
by the observer and the pair of galaxies

(A(s1)A(s2) ) = €&(s2 — s1,dros) (2.5)

and it can therefore be formally Fourier transformed with respect to s = so — s1 to define a
LOS dependent power spectrum

Pk, dros) = / s e kg (s, dpog) - (2.6)

The Yamamoto estimator is then the LOS average of the LOS dependent power spectrum

<PL(k)> = (QL; 1)/%&( /d3dLos P(k,dros)Lr(k - dros) - (2.7)

The above expression also clarifies how to take the plane-parallel limit of the estimator [50].

2.1 The convolution with a window function

For practical reasons the choice di,og = s is usually preferred [51-53], since it requires fewer
Fourier Transforms than the identification of the LOS as the bisector between the two galax-
ies and the observer [50]. We shall use this choice, usually referred as the endpoint LOS in the
literature, for the remainder of this work. Although not strictly necessary, in our implemen-
tation we will assume that the window function can be separated into a radial and angular
part, i.e. ¢(s) = ¢(s)W(8). Generalizations to non-separable masks are straightforward. If
we start from the following decomposition for the two-point correlation function

S Sl ng S,81 ,Cg( ) (2.8)



with ¢ = §-81, we arrive to a compact expression for the expectation value of the Yamamoto
estimator

(Py (k) = 26;” (—i)L/d%ld%@ (5,51) Lo (31 -8) L1, (8- 81) jir. (ks) 6 (s1) 6 (s2)

2
L (éé%) (261 +1)

j25%

x [ dsidsgy (s,51) Loy (881) n (ks) 6 s1) 6 (s2)

2L +1
_ 2Ll (L”1> (26 +1)
0,01
L(k

A 000

x [ dsistss’es (s,0) i () & (51) Py (s1.5) (2.9)

where we have introduced
F, (1,5 /dQ 0%, & (52) W (81) W (82) Lo, (81 - 8) - (2.10)

The integration variable s; serves to keep track of the redshift evolution of the sample within
the survey, and of the different dependence of the GR effects on the distance between the
observer and the galaxies. In real surveys the functions Fy(s1,s) can be estimated using
traditional pair counting algorithms or Fast Fourier Transforms (FFT).

2.1.1 The effective redshift

A useful approximation often employed in the literature is to assume that the theoretical
prediction can be computed at some effective redshift. This allows to take the correlation
function multipoles outside of the ds; integral in eq. (2.9), that can be computed once and for
all over the window function multipoles Fy. The effective redshift approximation is motivated
by the fact that we are mostly interested in the clustering at separations much smaller than
the comoving distance associated to the redshift of the individual galaxies, that can therefore
be modeled at the same redshift. On the small scales relevant for BAO and RSD this has
been shown to be an excellent approximation [54], as well for PNG studies on small patches
of the sky [26]. To see how this works let us assume that the correlation function can be
written as a sum over different terms, each of them being the correlation function between
two operators O and O’ entering the expansion of the galaxy density field,

Ei(s,51) = Y oo (s,51) - (2.11)

oo’

For each contribution to the correlation function we could therefore choose an effective red-
shift such that at a given, small enough, reference separation §, the model evaluated at this
suitably defined redshift exactly matches the full prediction in eq. (2.9). In practice, at small
scales the correlation function is dominated by the Newtonian terms in the plane parallel
limit, that allows us to define a single effective redshift for each multipole

J d®s1€0(3,51)(s1)*W (1)
[ d3s1 p(s1)2W(81)2

€0,(3, zeff 0) = (2.12)



Notice this operation is always possible as long as the transfer function and the growth factors
are separable. Under the effective redshift approximation the average of the Yamamoto
estimator reads

2
<]5L(k)> = 21;:_ L Z (—i)* (é (t; %) (20, +1) /d332 &0 (s, zeft0) Ir (KS)

60

X /dslsfqb(sl)Fgl (s1,8)

2
LS ()t (ﬁ 5 %) [ s s,z ju () Qu(s) . (213
00

The functions @, can be easily estimated using FFT methods [55]. It is often the case that
the different multipoles have very similar zef ¢, and therefore a common effective redshift is

defined for the entire correlation function,*
J d%s ¢(s)*W(3)*2(s)
= 2.14
@ o (s)W (3] 244

The definition above does not guarantee that the small scale power spectrum evaluated at zeg
converges to the true answer, but the difference can usually be reabsorbed by changing the
value of the unknown bias parameters. A global definition is also more prone to anisotropies in
the orientation of galaxy pairs in the survey, which could also bias the theoretical prediction,
as recently pointed out in [57].

The simple picture described above is complicated by those correlation function terms
which are integrated along the LOS, like lensing magnification and ISW. In this case, the
definition of effective redshift given above does not strictly hold. Nevertheless we will see in
the next sections (see figures 4 and 10) that our choices in egs. (2.12) and (2.14) are accurate
enough for these terms as well, vastly simplifying the convolution with the window function.

2.1.2 The integral constraint

In redshift surveys the mean number density of the underlying galaxy population is usually
not known a priori, and it is estimated from the data themselves. The resulting overdensity
will therefore vanish when integrated over the entire volume of the survey, an effect known as
the Integral Constraint (IC). In addition, if the redshift selection function is also estimated
from the data, the overdensity has to vanish in radial bins when averaging over the angular
footprint. This is the so called Radial Integral Constraint (RIC). The mathematics behind
the two effects is very similar, therefore we will concentrate only the global IC. We follow
ref. [58], who showed that, to a very good accuracy, imposing the global IC boils down to
following replacement of the theory prediction

(BL)) = (Pu)) = (R0) Qg = (P~ PEG) . 1)
where
Q1 (k) = dr (—i)" / ds s j1.(ks)Qu(s) (2.16)

Unless otherwise noted, all the figures and comparisons shown in the next sections always
include the global IC in the theoretical prediction.

4Another possible definition is the pair weighted effective redshifts, see for example [56].



3 The relativistic galaxy number density

In the previous section we laid out the formalism required to compute the measured power
spectrum. The only missing ingredient is a model for the correlation function &(s, s, u)
including all the relativistic effects. From the galaxy catalog N (n, z) in terms of the observed
angle n and redshift z, we can defined the so-called galaxy number counts

N (n,z) — (N (n, z))

A7) = N, 2)

(3.1)

where (...) denotes the angular average at fixed observed redshift. Being A (n, z) an observ-
able quantities we can express it in any gauge. We adopt therefore the Newtonian gauge

ds? = a*(r) [~ (1 +29)dr? + (1 - 28)dx’] (3.2)

where 7 denotes the conformal time and the scalar metric perturbations ¥ and ® are the
Bardeen potentials.

The full relativistic number counts to linear order in perturbation theory [1-5], including
the observer terms [28, 59], reads®

,,,J
/

—92 r
A(n,z) = b Dy + 7‘[—1&4)” + 5% / dr’
0

5 Aq (¥ + D)

r —
rr
2—5Sb H
5 q70 ~ Jevo
+<Sb+ Hr +7‘l2 f )
X(H()Vo—l-\l’—\l’o-l-w—UHO—i—/O(\iJ-f—(i))dT/)
2—58[,

+(5sp —2) P + U+ OH L + (fovo — 3) HV —

2—585
r

Vo — (2 —5sp) v,

_l’_

/TO (U + ®)dr (3.3)

where we have only assumed the validity of the Euler equation for baryons and dark matter.
In the equation above V' denotes the velocity potential and v = n - v, where n is the unit
vector pointing from the observer to the source, and v is the peculiar velocity in Newtonian
gauge. We denote the partial derivative with respect to conformal time 7 with a dot. The
gauge-invariant density contrast D,, coincides with the density fluctuation in the comoving
gauge. To relation between dark matter and galaxies is parametrized by a galaxy bias
b1, a magnification bias s, and a evolution bias feyo. Terms with a subscript ‘o’ indicate
perturbations evaluated at the observer position which are needed for the gauge invariance
of all the expressions. For example the term W — W, in the third line of the equation above

°In refs. [28, 59] the Authors implicitly assume that the surveys are limited in volume. However, considering
that current and upcoming surveys will be limited in flux we need to introduce also the magnification bias
sy, defined as the slope of the luminosity function at the luminosity threshold, following the same convention
of refs. [3, 13, 31]. Therefore by Taylor expanding around the threshold luminosity and considering that the
fractional fluctuation of the luminosity is twice the fractional fluctuation of the luminosity distance (§L/L =
26D1,/Dy), we need to replace
0D,

L

A(n,z) = A(n,z) — 5sp (2)

To obtain eq. (3.3), we have used the luminosity distance of ref. [59] to properly include also the terms
evaluated at the observer position.



is the standard gravitational redshift which is proportional to the difference between the
gravitational potential at the source and the observer.

We group the different relativistic effects in the following equation as follows: standard
density plus RSD (first line), lensing (second line), Doppler (third line), local gravitational
potentials (fourth line), integrated gravitational potentials (fifth line),

A (n, Z) = lem + 7—[‘18,4;”

osp —2 [T —7!
425 / dr'" " Ag (U + @)
0

2 rr!

+R (UH — UHO) — (2 —5sp) v,

+{ (R—Z;[E;Sb> HoVy + (R + 1)U — R, + (5sp — 2) & + dH !
0

+ (oo =)V |

2—-5 To To /. .
+ % / (U + ®)dr’ + R/ (\If + @) dr’, (3.4)
where we have introduced the redshift dependent parameter
2 — 58b H
R = 5Sb + H?" + @ — fevo . (35)

We can indeed think of the relativistic number counts as a sum of different operators O(n, z),
such that the total correlation function requires the computation of all possible terms of the
form

(O (n1,21) O (02, 22)) = o0 (51,52,81 - 81) = oo (5,51, 1) - (3.6)
The correlation function can be computed directly as a function of (s, sy, u), or rotated
into this basis from another parametrization, for instance in terms of (s1,s2,81 - §2). A
pictorial representation of both coordinates system is shown in figure 1 We have checked
that both methods give identical results, and we will use them interchangeably according
to our convenience. For comparison with previous work we will more often work in the
(s1,82,81 - 82) basis. The latter has the advantage of retaining a simple form even upon
dropping the effective redshift approximation.

So far we have not assumed any theory of gravity. Now, for the rest of the manuscript
we will adopt General Relativity. Therefore, by using Einstein equations to relate metric and
velocity perturbations to the density fluctuation we can write the correlation function as a
linear combination of the functions

I} (s) = / %qQP (q) ijicl)i) , (3.7)

where P(q) is the linear matter power spectrum at z = 0. In our notation, we introduce a
differential operator Dy associated to each O, which allows us to arrive to

Eoor (51,52,81 - 82)

d3 s1 52 .
= /7q3P(Q)/ Xm/ dx2Do (g, 51, X1) D (q, 52, x2) €' X2527x181)
(2m) 0 0

dq 51 s2 .
- /2771‘2q2p (q)/o Xm/O dXQDO (Q7 Sl’Xl)Db (q7 SQaXQ)]O (qX) 5 (38)



Figure 1. We show the systems of coordinates adopted in this work: (s1,ss2,6) and (s, s1, ). The
line of sight variables x; and xo run from the observer to the sources along the vectors s; and s,
respectively.

where x = /X% + X3 — 2x1x2 cosf. These differential operators, acting on jo (¢x) will lead
to the functions I}'. To avoid confusion, in this work we will always call ¢ the momentum
that enters the calculation of the correlation function, and k the wavenumber associated to
the actual measurement of PL(k‘) For the different perturbations we have

Dy, (s1) = Ds =T5 (s1) 0p (s1 — x1)

v} (1) = Dy, = 0p (51 — x1) Tvq(;l)am ; v, = Dy, =dp (x1) Tvqéo)am ;

V (s1) = Dy =0p (s1 — x1) Tvq(281) ; Vo = Dy, = ép (x1) TVqQ(O) ;

® (s1) = Do = dp (51 — x1) T¢q(231) : (3.9)
VU (s1) = Dy =6p (s1—x1) T‘I}qgsl) : ¥, — Dy, = dp (x1) ngo ,
\II(X1)—>D‘1/:T\PQ(2M), @(Xl)—>D¢,:T‘i’q(2Xl),

® (x1) = Do = Tq)qul) ®(x1) > Dy = T<1>q(2><1) .

Einstein gravity will constrain these transfer functions and, in particular in the absence of
anisotropic stress, we have a single scalar degree of freedom. In this case the transfer functions
are given by

Ts = b1 Dy, (3.10)

Ty = —HfDy, (3.11)
2

Ty =Tp = —g%QM,UDh (3.12)
3 HE

Ty =T = 75709%01)1%(1" —1). (3.13)

where D is the linear growth factor and f is the linear growth rate.
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The galaxy correlation function can be computed for instance using the public code
COFFE [60], which we expanded to include all possible correlations between the observer’s
and source terms, between perturbations evaluated at the observer location, and to allow the
multipole expansion in terms of the endpoint LOS.

The contributions arising from auto correlation of the observer terms represent the
variance of these operators as they would be measured by observers with the same 7, i.e. they
account for the difference between a randomly chosen and a preferred observer [61]. In
the cross correlations between the observer and the source what matters are instead the
fluctuations on very large scales, comparable to the distance to the source. These long
wavelength modes are stochastic in nature and cannot be known a priori. For example in a
determination of the observer’s velocity, what it is effectively being measured are the small
scale fluctuations on the scale of our Local Group, which are by far the largest contribution
to the observer’s velocity.

4 Infrared divergences of the correlation function

4.1 The variance of the galaxy density field and the 1/q* terms

If the expression for the galaxy number counts in eq. (3.3) describes a gauge invariant and
observable quantity, then all the summary statistics we compute out of it must be finite.
However, a technical problem is immediately encountered in the calculation of the galaxy
correlation functions. Namely, the contribution from any two powers of the metric potentials,
for example

(@)2052)) = [ LD, 51)Dala, 52) Pladifas) [ M4~ Pla)itas), (41
diverges in the Infra-Red (IR) for typical ACDM power spectra, i.e. when the lower integration
limit is sent to zero. A healthy theory cannot have such a feature, which could resolve by
itself within the framework, or could indicate a breakdown of one of the model assumptions.

A practical solution would be to remove by hand these divergences. This approach
has been considered in [60], and we will now show that it is intimately related to the exact
cancellation of the divergent terms. Consider the different operators @ and O’ contributing
to the divergent part of the correlation function

gdlv S y S1, W Zg(’)o’ S, 81, ) (42)

oo’

where each term is proportional to I3 defined in eq. (3.7). One way to eliminate the IR
divergency is to subtract unity from the spherical Bessel function in the definition of I

B0 = i) = [ ShetP @2 (1.3

which is equivalent to removing the variance of each of the divergent pieces

le ~div dlv
EW (5,51, ) = Y & (5,51, 1) = D &85 + Y (080 (4.4)
oo’ oo’ oo’
5The different terms are proportional to [81 for different arguments: S, 81, S2, X1, X2,

\/s% + X3 — 2s1x2 cos b, \/)ﬁ + 83 — 2152 cos 0 and \/)ﬁ + x2 — 2x1x2 cos .
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where the new functions {%12’9, are defined by the replacement of I§ with I. We can now

compute all the &’s, which are finite, but we are left with the problem of adding a number of
infinite terms at the end. However, it turns out that the sum of the variance of the divergent
pieces is identically zero,
Z (02)?91\/0’ =0, (4'5)
oo’
once all the terms have been taken into account. Crucially the terms computed at the
observer’s position are necessary for the cancellation.

This result implies that the lower integration limit in I; (s) does not play any role once all
possible correlations have been taken into account, or equivalently that the final result is not
sensitive to the large scale gravitational potentials. The cancellation of the IR-divergent terms
in the variance of the galaxy density field however does not imply that the observed power
spectrum does not contain terms scaling like P(k)k~%. Subtracting a constant with respect to
s as in eq. (4.3) indeed changes only the zero mode, k = 0, of ( Pr(k)). It is straightforward
to see that for any finite mode k£ > 0, the Hankel transform of 1:61 and I are the same’

[ 1
477/d35254161 (s)jo (ks) = 47T/d55 jo (ks) /2 a ¢*P (q ]0( q‘z
2 .
= k- /dqq *P(q)dp (¢ — k) — p qQP(q)/dss2j0 (ks)
= Pl (16)

We therefore conclude that the true observed power spectrum will exhibit k=4 P(k)-like
behavior, which can however be exactly computed without any ad hoc procedure to tame
the divergences.

The proof of eq. (4.5) is long and tedious, and it is easily implemented with symbolic
programming that can deal automatic with all the different pieces.® It is however instructive
to look at a subset of terms, specifically the ones proportional to fevo, Which cancels among
themselves since fey, is an arbitrary free parameter of the model. The derivation illustrates
the physical ingredients required for the cancellations. The terms we are interested in are

Acvo = — fevo ('HOV + U =, + v — v, 'HV-!—/ \I/+(I>) dT) . (4.7)
By using eq. (3.9) we can compute the correlation function

dq S1 59 )
8% (s1, s, cos 0) Z/ﬁQQP(Q)/O Xm/O dx2Devo (¢, 51, X1) Devo (¢, 52, x2) Jo (4X)
(4.8)
where Dey, is the differential operator associated to eq. (4.7), through the mapping in
eq. (3.9). In order to show that IR divergent contributions to the variance vanish we need to
check that

51 52
lim ¢ / dx1 /0 dx2Devo (qa S1, Xl) Devo (Q7 52, X?) Jo (QX) =0. (49)

q—0

/ dss®jo (ks) “2" — (32 + 201 / dsjo (ks) = — (9 + 20,) 7= = 0.

8 A Mathematica notebook showing the cancellation is attached as supplementary data.

"We used
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A little algebra shows that this condition is satisfied only if

/081 dx1 (Ty (1) + T (x1)) — H(s1) Ty (s1) + HoTy (0) + Tu(s1) — T (0) =0, (4.10)
which by integrating over y; reduces to
T (s1) +H (s1)Tv (s1) = Te (0) + HoTy (0) = constant . (4.11)
In terms of the metric perturbation and the peculiar velocity this condition reads
H(7)
k

It is easy to show that this condition is satisfied by the Weinberg adiabatic mode [6], under the
assumption that dark matter is the only clustering species. The existence of such adiabatic
mode indeed guarantees that the long wavelength gravitational potential is unobservable and
can always be reabsorbed with a change of coordinates. In this case for the dark matter
velocity we have

O (k,7)+ v (k,T) = constant for k—0. (4.12)

d+HP O+ HP
o= koI HE G O EHD (4.13)
47Ga PM H?2 — 3H
where we have explicitly used ® = W. Then by plugging this expression into eq. (4.12) and
taking a time derivative we obtain a second order differential equation for ®

b+ 3Hd + (H? +2H) @ =0, (4.14)
where we have used 5
v .. .3
@ = (2aaa —a ) . (4.15)

The differential equation in eq. (4.14) is precisely solved by the Weinberg adiabatic mode? [6,
62]

U=>0=0C (7'5/ a*dr’ — 1) : (4.16)
a= Jo

Therefore we conclude that cancellation of the IR divergences is a direct consequence of the
existence of the Weinberg adiabatic mode as a solution of the Einstein field equations. We
also recognize that eq. (4.12) agrees with the spatial curvature perturbation on co-moving
spatial surface

Hir)

—Reo (ky7) =@ (k,7) + v(k,T) (4.17)

which is conserved on super-Hubble scales for adiabatic perturbations in absence of
anisotropic stresses.

In presence of local Primordial Non Gaussianities, the sensitivity of the two-point func-
tion to the long-wavelength gravitational potential is physical, and it cannot therefore be
removed. In this case, the correlation between large and small scale modes is actually im-
printed during inflation. On the other hand, it is possible to show that the IR divergences are
solely due to the auto-correlation of the primordial gravitational potential, and are hence pro-
portional to fZ; . The terms involving one power of fxi, and a metric perturbation are all indi-
vidually divergent in the IR, but once again their sum is finite. This result is a consequence of
the fact that in the squeezed limit local PNG cannot be generated by gravitational evolution.

°In eq. (4.16) we have neglected the decaying mode.
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Finally we notice that from the expression derived in this section, eq. (4.9), directly
implies

s1 S92
lim q / Xm /0 dXQDevo (Q7 S1, Xl) Devo (Q7 52, XQ) jO (QX) =0. (418)

q—0

4.2 The 1/q¢? IR sensitivity

The terms involving one power of the metric potentials are not IR sensitive in a ACDM
Universe with parameters as determined by the Planck satellite [45]. Nevertheless, in the
limit ¢ — 0 we expect the gravitational potentials to disappear from the correlation function
as shown in the previous section. This is an important consistency check of the theory,
because, if the cancellation is a property of General Relativity and of Gaussian and adiabatic
initial conditions, then long-wavelength modes are unobservable regardless of the actual value
of cosmological parameters. Following the example in the previous section we show this is
the case for the contribution in eq. (4.7), while a complete treatment can be easily obtained
through symbolic programming.

Inspection of eq. (4.7), reveals that we need to consider two set of terms to show the
cancellation of a single metric potential in the large scale limit. Indeed we do not only have
the contribution induced by the peculiar velocities, i.e. proportional to the gradient of the
gravitational potential, but also the terms proportional to two powers of the gravitational
potential combined with the expansion of the spherical Bessel at the order ¢. In terms of
the transfer function Ty, Ty and Ty we arrive to

S1 S2
;l_rg%q/ Xm/O dx2Devo (¢, 51, X1) Devo (4, S2, X2) Jo (qX)

_ 1 S1 EP)
= (s152) 16/0 Xm/O dxo

x { 21Ty (x1) (T (0) = HoTy (0)) — 4Axs155T (x1) Ty (x2)
+4s1T4 (x1)Tv (s2)(x1y — s52) — 4xays1Tv (0) T (x1)
— 2Ax 751 T4 (x1)(Tw(s2) — H(s2)Tv (s2))
+ 2x352Ty (x2) (Tw(0) — HoTy (0))
+ 452y (x2)Tv (1) (X2y — 51) — 4x2ys52Tv (0) Ty (x2)
— 2Ax589Ty (x2) (Tw(s1) — H(s1)Tv (1))
+ 2Ty (s1)(ys1Tv (0)H(s1) — Ty (0)(y + Hos1) + s1Tw(0))
+ 2Ty (s2)(ys2Ty (0)H(s2) — Ty (0)(y + Hos2) + s2Tw(0))
+ 2Ty (s2)(Tv (s1)(H(s1)(s2 — ys1) + H(s2)(s1 — ys2) +y)
+ Ty (s1)(ys1 — s2)) — 2Tv (s1)Tw(s2)(s1 — ys2)
—2ys1Ty (0) Ty (s1) — 2yseTy (0) Ty (s2) + 2yTV(O)2

+ 8%(qu( ) — ’HoTv( ))(T\p(sl) — H(Sl)TV(Sl))
+ 55(Tw (0) — HoTy (0))(Tw(s2) — H(s2)Ty (s2))
s*(Ty(s1) — H(s1) Ty (s1))(Tw(s2) —H(Sz)TV(Sz))} ; (4.19)

where we have introduced y = cosf. Now combining the Euler equation

Tv +HTy =Ty (4.20)
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and the condition in eq. (4.12), which we remind is satisfied Weinberg the adiabatic mode,
we obtain

1 .
Ty = (Tw (0) + HoTy (0) + 1) (4.21)
or equivalently
51 S1 1
|7 daTeta) = 5 |16 @+ 1Ty 0 +5 @V (O ~Tv () . (422)
After some integration by parts and using the Friedman Equation H = H2 — 37@#, we
obtain the desired cancellation
9 S1 S92
lim ¢ / dx1 / dx2Devo (Qa 51, Xl) Devo (‘L 52, X?) Jo (QX) =0, (423)
q—0 0 0
and as a consequence also that
S1 S92
(}i_rg(l)q/O dX1/0 dx2Devo (¢; 51, X1) Pevo (¢; 52, X2) Jo (gx) = 0. (4.24)

Similarly to the discussion of the divergent terms in the previous section, the cancellation
only affects the zero mode of the power spectrum, hence GR contributions proportional to
P(k)k~2 are present at any finite scale.

To summarise this section, we found that the existence of the Weinberg adiabatic mode
removes the IR sensitivity of the correlation function. The presence of the adiabatic mode is
guaranteed by Gaussian and adiabatic initial conditions and the diffeomorphism invariance of
General Relativity. Notice all three conditions are required. We already discussed how local
PNG induce correlation between long and short wavelength modes. If the initial conditions
contained some amount of isocuvature perturbations or new long range forces are present in
the dark sector, then the comoving curvature perturbation is not constant on super-horizon
scales and the correlation function could exhibit a weak IR dependence.

While our calculation addresses the specific problem of the computation of the galaxy
correlation function and power spectrum, similar arguments about the effects of long wave-
length gravitational potentials, or better said lack thereof, on cosmological observables have
long been known. For the late Universe, they usually exploit the Consistency Relations
for LSS [63-65], which are valid under the same conditions required by the cancellation we
showed above. For an application of the Consistency Relations to the relativistic bispectrum
see [66]. Our result also implies that GR effects are not coupled to any super sample value
of the gravitational potential and its spatial derivative, as it would be the case in presence
of local PNG [67].

Our findings are in disagreement with the recent work in [28]. They assume that the
observed power spectrum constructed from squaring the Fourier transform of the galaxy
overdensity field is diagonal, i.e. the field is homogeneous and isotropic. But as we discussed
in the introduction, RSD and GR effects break translational and rotational invariance, so
that the Yamamoto estimator is a function only of a single £ mode because the other one has
been integrated out. The power spectrum discussed in [28] is therefore not directly related to
any observable. Where we agree with [28] is in the calculation of the variance of the galaxy
overdensity field, which does not receive contribution from the gravitational potential and its
first derivatives. As discussed above we clarified the physical conditions for this cancellation,
which requires more than just the equivalence principle to hold as suggested by [28]. The full
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two-point correlation function of the galaxy density field and any general estimator for the
power spectrum like the one eq. (2.1), are complicated average of all possible lines of sight
for each pair of galaxies and should not be compared with the variance of the field itself,
which is a function of a single line of sight.

Finally, one could argue that the any IR sensitivity of the model adopted here would be
anyway removed by the presence of an Integral Constraint. This is true, however this fact is
not built in the formulation of the relativistic galaxy number counts, which should provide
a finite answer regardless of the way the mean number of galaxy is measured. If one wants
to resort to the IC, the latter should be included at the level of the integrand in eq. (2.9),
carefully including the effect of the window function. In our approach we removed the IR
sensitivity in both eq. (2.9) and in the expression of the IC, which can be therefore discarded
for most practical applications.

The method described in this work to remove the IR divergences is also the only one
that can deal with observations in which the mean is not known. This is for instance the
case of the excess brightness temperature of the 21 cm line, or any intensity line, measured
with radio arrays in interefometric mode. With interferometers we directly have access to
the fluctuations in Fourier Space, and there is no IC to subtract to the measurements of the
power spectrum.

5 Relativistic effects in the galaxy power spectrum

Having resolved the issue of IR divergences in the correlation function we can now safely
proceed to compute the prediction for the observed galaxy power spectrum multipoles. Our
calculation of the correlation function includes the observer’s terms, in auto-correlation with
themselves and in cross-correlations with the source terms. Given the gauge invariant galaxy
number counts, eq. (3.3), we still have the freedom to perform a Lorentz boost to a preferred
reference frame. In particular we are allowed to move to the CMB rest frame, and remove the
terms proportional to the observer’s velocity. While this operation is harmless in the theoreti-
cal prediction, some care should be used when expressing the measurement in the CMB or any
other frame [68, 69]. Alternatively one can keep these terms and try to measure the induced
dipole to test the Copernican Principle. We provide expressions for this case in appendix C.

The other required model ingredients are the multipoles of the window functions
Fy(s, s1), and the Fourier space windows functions Qr, (k). While our expressions are fully gen-
eral, we choose a rather simple survey geometry, whose properties can be analytically calcu-
lated. We thus assume that the window function has an azimuthal symmetry around an axes,
for instance a spherical cap with a maximum opening angle 6,. We fix this angle by impos-
ing the hypothetical survey covers one third of the sky, fsy, = 1/3. This assumption allows us
to sum over all values of £ and ¢; in eq. (2.9). We also assume that the radial selection function
and angular footprint can be separated, which might not always be the case if different parts
of the sky have large depth variations. Finally we assume a constant selection functions within
a certain redshift range. We consider four redshift bins, [zmin = 0.05, zmax = 0.2], [0.5,1], [1,2]
and [1,4]. For these choices of window function, the convolution with the correlation function
further simplifies, as discussed in appendix A. Figure 2 shows the multipoles Q1 (s) and Q (k)
in our four reference surveys, for L = 0,1,2. The largest pair separation for an azimuthally
symmetric survey geometry is given by 27 (zmax ) Sin Omax, where O = cos™! (1 — 2 foky). We
see that the scale k ~ 27/ (2r(2zmax) sin Opax) indicates the boundary of the survey volume
in Fourier space and we will display it in the other figures as well. The effect of the window
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Figure 2. We show the multipoles of the window functions considered in the manuscript @y, (s)
and its Hankel transforms Qp, (k) for the monopole (L = 0), the dipole (L = 1) and the quadrupole
(L = 2), normalized to Qp (k — 0) = 1. The window function is defined as ¢ (s1) = ¢ (s1) W (81) =
O (51 — Smin) © (Smax — 51) © (Omax — 01), where Orax = cos™ (1 — 2fgy) and we set foy = 1/3. The
vertical lines correspond to the largest scales probed by the survey, i.e. 2r(zmax) Sin Omax in real space
and 27/ (27 (2max) sin Omax) in Fourier space.

function is quite dramatic at low k, as one can see in figure 3. The black dashed lines show
the flat-sky prediction for the multipoles of the power spectrum without the window func-
tion, while the blue and red ones display the convolution with the window function, with
and without the Integral Constraint respectively. Notice that our asymmetric choice of LOS
generates a power spectrum dipole, as shown in the second row of figure 3.

5.1 Density and RSD

In the small angle limit the standard density and RSD correlation function and power spec-
trum correspond to the plane parallel limit of Kaiser [68]. For wide area surveys, like DESI
or Euclid, deviations from the plane parallel regime take the name of wide-angle effects. The
amplitude of these terms is controlled by ks.g, where s.g is the comoving distance to the
effective redshift, as opposed to k/H for the other relativistic effects. Therefore for surveys
of the size of the Hubble horizon, seg ~ H ™!, these effects are comparable, while for smaller
surveys wide-angle effects are more important.

To derive the correlation function induced by density and redshift perturbations,
i.e. what we denote by the standard Newtonian contribution to galaxy clustering, we fol-
low eq. (3.8),

gnewt (s1,82,81 - 82) = <(b1Dm + H_larvn) (s1) (lem + 7—[_18,,1)”) (s9)) =
_ / ;17‘_12@ P () D1 (1) D1 (s2) (br (s1) = f (s1) 02, ) (b1 (s2) = f (52) 02, ) do (a5)

= Z Ji (81, 82,cos6) IZQ (s) Dy (s1) D1 (s2) (5.1)
i=0,2,4
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Figure 3. We plot the monopole (top panels), the dipole (middle panels) and the quadrupole (bottom
panels) of the power spectrum for four different survey volumes. Different colors denote: the flat-sky
theoretical power spectrum without any window function (dashed black), the full-sky power spectrum
convoluted with the survey geometry (dotted red), including also the integral constraint (solid blue).
The vertical lines correspond to the largest scales probed by the survey, i.e. 27/ (27 (2max) Sin Omax)-

where

Jo(s1,82,c080) =

Jy(s1,82,c080) =

+18 (800s20+23) 5153 —8cosf (4cos20+39) 5355

Jo(s1,82,c080) = 11 (£ (51) (501 (52)+2c085%0 f (50)+f (52) ) +5b1 (1) (3b1(52)+ F (52)) ) (5.2)
{(7b1(2) £ (s1)((3c0s?0-1) 53 —4costsy s5+257)
+£(52) (7b1(s1) ((3cos?0—1) s7—4costs1 so-+253 )
+£(51)((11c0820+1) 53 —dcost (cos?0+5 ) 5155

+(11c0s?0+1)s3) ) )},

{4 (3060829— 19) 5953 —8cosh (4cos29+39) 5755

(5.3)

+4 (30c0820—19> 5255+24cos0s! so+24coshs S;+388—38§—3S§}. (5.4)

To use eq. (2.9) we need to adopt the end-point line-of-sight convention

89 = \/s% + 52+ 25151

cosf = ui + 2L (5.5)
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Under the effective redshift approximation, the expression for the correlation function
of density + RSD takes a simple, but long, analytical form. We have

_ Dy (Zeff)2
105 (1 + 22 + 2z p)

gnewt(s7 Zeﬁ%ﬂ)
X {7[8(5) {5b1(3b1 + 1) (2;41‘ + 2% + 1) +5b1f (Zuzn + 22+ 1)

+ A 2u(pr 4+ 3) +2) + 3)}
— 519(s) [Tbrf (=1 +3p) (14 2p2 +2%) + f[(701 + 61)

x (<14 32) + 20 (1401 + 3f + 9f?) @ + (14by + f + 11f4%) 27|

+319(s) f2 [3 4 35u% — 24px + 40437 — 42 + 64> (—5 T 23@2)} } , (5.6)

where © = s/r(z.s) and by and f are evaluated at the effective redshift z.g. The above
expression can then be projected into multipoles. Notice that in linear theory all multipoles,
even and odd ones, are non zero, and only in the plane-parallel limit when @ — 0 we recover
the standard expressions in [68]. The accuracy of the effective approximation is shown in
figure 4, where we plot the ratio between the full prediction, i.e. integrated over si, and the
power spectrum evaluated at the effective redshift, for the monopole, dipole and quadrupole.
The prediction includes only the density plus RSD piece. For the left panels we assumed
the linear bias scales with the growth factor, D(z)bi(z) = 1.5, while on the right ones we
fixed b1(z) = 1.5. Different colors show different surveys, and the vertical bars display the
largest scales measured in each of them. Continuous lines indicate the prediction evaluated
at the zeg ¢ (see eq. (2.12)), which by definition are unbiased at sufficiently high k, while
dashed ones use the global zeg (see eq. (2.14)). Notice that for the dipole we only show the
global z.g since in the plane parallel limit there is no intrinsic dipole. This figure shows that
the effective redshift approximation with the z.g, ¢’s is in general a very good approximation,
better than a % in all cases except the more unrealistic scenario of a single redshift bin
galaxy survey between zpj, = 1 and zmax = 4. The global z.g performs slightly worse, and
it is less accurate for constant galaxy bias. We also notice that the error introduced by the
effective redshift approximation is usually multiplicative, and it can therefore be absorbed in
a redefinition of the in principle unknown galaxy bias.

In real data the accuracy of the effective redshift prediction will depend on other ob-
servational effects, like completeness, that can be trivially included as additional redshift
weights in our theoretical predictions.

5.1.1 Full sky and s/s; expansion

To obtain the estimated power spectrum we need to convolve the expression of the correlation
function with the multipoles of the window function. Because of the finite survey volume,
rather than computing the full & (s, s1), a more practical approach for the convolution with
the window function is to expand the multipoles in powers of s/s;

& (s1,8) =Y () €9 (s) . (5.7)
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Figure 4. We plot the ratio between the power spectrum within the effective redshift approximation
and the full redshift dependence for the monopole (top panels), the dipole (middle panels) and the
quadrupole (bottom panels). The different colors are associated to the following constant redshift
selection functions: [0.05,0.2] blue, [0.5,1] red, [1,2] green and [1,4] orange. Solid lines refer to the
theoretical effective redshift defined in eq. (2.12), while dashed lines to the volume weighted mean
redshift, see eq. (2.14). The vertical lines correspond to the largest scales probed by the survey,
ie. 2w/ (2r(Zmax) Sin Omax). In the left panels we consider by = 1.5/D; (z), while on the right panels
b1 = 1.5.

Notice that in the above expression the 555] ) might still explicit depend on s; to account for
the redshift dependence of the growth factors.

The series expansion is certainly a bad approximation close to the survey boundary
where the separation s could approach the distance to the pair, and it eventually diverges,
but the finite size of the window function addresses many of these shortcomings. In figure 5
we show the ratio between the monopole of the predicted power spectrum up to a given
order in the series expansion, ﬁéj )(k), and the full calculation. In all four cases considered
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Figure 5. We plot the ratio between the monopole of power spectrum expanded up to different
order in the wide-angle parameter s/s; and the full-sky power spectrum. The panels show the four
different surveys with increasing redshift coverage from left to right. The vertical orange line indicates
k = 27 /r(zer), while the gray line refers to the largest scales within the survey geometry. In the top
panels we consider by = 1.5/D; (z), while on the bottom panels by = 1.5.

we assume a sky fraction fq, = 1/3 and vary the redshift range of the measurements. We
find that the second order expansion in s/s;, usually employed in the literature [50, 55], is
always a very good approximation up to the survey boundary, indicated by the thick vertical
gray line in the panels. The difference of a few % is always well below the expected cosmic
variance for these hypothetical surveys. Notice how the presence of the window function
makes the flat-sky prediction, the blue lines at O(s/s1)?, very accurate.

The same set of plots is shown for the quadrupole in figure 6. As expected the series
expansion performs slightly worse than for the monopole, but it should be kept in mind that
the cosmic variance increases accordingly. The perturbative expansion in s/s; breaks down
at scale larger than k ~ 27/reg, shown as the orange bar in the figure. Indeed this scale
corresponds to s/s; ~ 1 in configuration space.

For the dipole (figure 7) the perturbative expansion starts to converge at O (s/s1).
Because the dipole of the correlation function vanishes for a single tracer, P; (k) in the plane-
parallel approximation receives contributions only from the coupling between the window
function and other multipoles.

5.2 Lensing magnification

At fixed pair separation s between two observed galaxies, terms like lensing magnification
or ISW measure the correlation between points along the lines of sight of the two galaxies.
The “non-locality” of such contributions makes harder to understand to which value of k
in the power spectrum they mostly contribute. In our formalism, however, computing the
average of the observed power spectrum requires only the evaluation of the three-dimensional
correlation function multipoles. We compute £(sq, s2,cos6) or £(s, s1,u) using FFTs, and
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Figure 6. We plot the ratio between the quadrupole of the power spectrum expanded up to different
orders in the wide-angle parameter s/s; and the full-sky power spectrum. The four panels show survey
geometry with different deepness in redshift. The vertical orange line indicates k = 27 /r(zes), while
the gray line refers to the largest scales within the survey geometry. In the top panels we consider
by = 1.5/D; (z), while on the bottom panels b; = 1.5.

then Monte-Carlo or quadrature methods for the integrals along the LOS and the projection
into multipoles.

In this section we focus on lensing magnification, which enters the power spectrum at
the same order in derivatives as the standard density and RSD terms. As mentioned before,
we set sp = 0 as its value changes only the normalization of the lensing contribution to the
power spectrum.

Figure 8 shows in red the contribution of lensing magnification to the monopole and
quadrupole of the power spectrum, which can be compared to the RSD term (including wide
angle effects) in blue. Both curves include the effect of the window function, but not the
integral constraint. For reference the flat-sky linear theory prediction in absence of a window
function is shown as the dashed black line. Figure 9 instead shows, again in red, the relative
difference between the RSD power spectrum and the RSD plus lensing power spectrum.
Because we are adding the different contributions we can now consistently subtract the
integral constraint. As expected lensing magnification is a tiny effect for low redshift surveys
with a small extension in redshift, as displayed in the leftmost panels. In this case, for both
the monopole and the quadrupole we find lensing magnification leads to sub-% changes on the
total power spectrum. Moving to higher redshift and wider redshift ranges the effect of lensing
increases, reaching tens of percent for the monopole and O(1) for the quadrupole in our most
unrealistic setup of a single redshift bin between z = 1 and z = 4 over one third of the sky.
We remark that the spikes in the lower panels of figure 9 appear because the RSD quadrupole
crosses zero, see figure 3. The larger effect on the quadrupole can be understood by noticing
that lensing magnification contains a transverse Laplacian, which depends strongly on p
and it is therefore more sensitive to the non uniform weighting of higher multipoles. The
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Figure 7. We plot the ratio between the dipole of power spectrum expanded up to different orders
in the wide-angle parameter s/s; and the full-sky power spectrum. The four panels show survey
geometry with different deepness in redshift. The vertical orange line indicates k = 27 /r(zes), while
the gray line refers to the largest scales within the survey geometry. In the top panels we consider
by = 1.5/D; (z), while on the bottom panels b; = 1.5.

information carried by the lensing magnification effect is thus spread over several multipoles.
Note for instance in figure 8 that the lensing quadrupole, red line in the lower panels, is
usually larger than the lensing monopole, red lines in the upper panels. Interestingly this
could open the possibility to detect the lensing contribution by measuring the power spectrum
at large scales for higher multipoles where the Newtonian effects are strongly suppressed.

Investigations with more realistic angular masks and selection function are certainly
needed, but our analysis indicates that lensing magnification will likely not play a major role
in cosmological parameter inference in spectroscopic surveys.

5.3 The observed galaxy power spectrum

In this section we finally discuss all the relativistic effects and their effect on the observed
power spectrum. As we can see from figures 8-9, the relevance of the different effects changes
with the survey volume and redshift coverage. In figure 9, as discussed in the previous section,
each line shows the ratio between the RSD prediction and RSD plus all the GR terms above
in the figure legend. For example the green line is the relative difference between the RSD
term and RSD plus lensing and Doppler terms, and so on.

At low redshifts the main contribution is due to the Doppler effects. This behaviour
is well explained by the presence of the dependence on 1/(Hr) of such terms. In our low
redshift survey, the Doppler terms are approximately 5% and 10% of the RSD ones for the
monopole and the quadrupole respectively. They are therefore much larger than the lensing
magnification. Indeed, lensing is an integrated effect from the source to the observer and its
contribution growths by summing up several lensing deflections along the line of sight. Local
and integrated terms are subdominant at such low redshift. Notice that all GR terms are
proportional to P(k)k™ for some n < 0, until the window function dominates.
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Figure 8. We plot the contributions of all the relativistic effects to the monopole (top panels)
and quadrupole (bottom panels) of the power spectrum. Each relativistic effect includes also the
correlation with the other effects listed above it in the legend. We remark that we are not con-
sidering the integral constraints in this figure, since we want to highlight the contribution of the
single relativistic effects. The vertical lines correspond to the largest scales probed by the survey,
ie. 2/ (27 (Zmax) SN Omax)-

At intermediate redshifts, between zyin = 0.5 and zmax = 1, lensing become comparable
to the Doppler terms, and the other local and integrated terms also grow. For this survey,
GR corrections are still sub-% for the monopole and approximately 10% for the quadrupole
on the largest scales. Interestingly, in our setup, the GR effects are minimized for a survey
at intermediate redshifts, as the Doppler effect starts to decrease and lensing magnification
has not yet taken over.

Moving to the high redshift Universe, in our survey between zpi, = 1 and zmax = 2 or
Zmin = 1 and zpax = 4 the lensing magnification dominates over all other terms, and the
conclusions we reached in the previous section apply.

Our results indicate that for current and upcoming LSS surveys, cosmological inference
from Baryon Acoustic Oscillations and the shape of the power spectrum on quasi-linear scales
is largely unaffected by GR effects, which are sub per mille corrections to the RSD term.

We conclude this section by investigating the accuracy of the effective redshift approx-
imation once we include all the relativistic effects. Our findings are shown in figure 10,
assuming the linear bias scales as bi(z)D(z) = 1.5. While we know that in principle the
redshift evolution of the integrated terms, including lensing, is scale-dependent, because the
latter are a relatively small correction on top of the standard RSD power spectrum the
effective redshift approximation works extremely well also in the presence of relativistic cor-
rections, with 5% differences in the monopole only for the very extended survey between
Zmin = 1 and zyayx = 4 shown in the rightmost column.!?

6 Conclusions

In this work we presented the first computation, in General Relativity, for the ensemble
average of the Fourier space estimators traditionally used in the galaxy power spectrum

"We caution the reader that this approximation may fail if one is interested in the integrated terms only.
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Figure 9. We show the ratio between the multipoles (monopole on top panels and quadrupole in the
bottom ones) sourced by RSD with respect to the other relativistic effects. We add the effect one by
one, such that the lensing line contains also RSD, the doppler line also lensing and RSD, and so on.
In the Integral Constraint we include the same effects. The vertical lines correspond to the largest
scales probed by the survey, i.e. 27/ (2r(2max) Sin Omax)-
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Figure 10. We show the accuracy of the effective redshift approximation (according to eq. (2.12))
by including all the relativistic effects. Similarly to figure 9 we add each effect one by one. The top
panels refer to the monopole, while the bottom ones to the quadrupole. The vertical lines correspond
to the largest scales probed by the survey, i.e. 27/ (27 (2max) SIn Omax)-

analyses of spectroscopic surveys. We clarified the relation between what is measured and
what is predicted and how different estimators effectively perform different compressions of
the data. Since GR corrections are important on large scales, a meaningful calculation must
include observational effects like the presence of an angular mask, of a redshift selection
function, and of the Integral Constraint. We implemented the presence of an arbitrary
window function in the exact way, highlighting which assumptions could be employed to
simplify the computation in certain situations.
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A prerequisite for the GR calculation is the understanding of the IR divergences, and
more generally of the IR sensitivity, of the three dimensional correlation function of the
galaxy overdensity field. We showed for the first time that these effects are not present once
all the terms in the expression for the galaxy number counts are taken into account, and
the full calculation for any observable is finite and insensitive to the large scale cutoff of the
theory. We were able to trace back this cancellation to the presence of the Weinberg adiabatic
mode [6] and of the Consistency relations for LSS [63-65]. From these results, our calculations
therefore inherit the underlying conditions of validity such as adiabatic and Gaussian initial
conditions, and diffeomorphism invariance. Our expression for the observed power spectrum
differs from the one in ref. [28], with whom we therefore disagree on the interpretation of
the relevance of the IR contributions to the power spectrum. Since our definition coincides
with the power spectrum routinely measured in galaxy surveys we conclude that the power
spectrum proposed in ref. [28] does not necessarily correspond to an observable quantity.

We then computed the observed power spectrum in four different hypothetical surveys,
covering one third of the sky at different redshifts. We first confirmed earlier work in the
literature on wide angle RSD, which we found to be a few % of the total signal on very
large scales. We also validated the series expansion approach to wide angle RSD, which is
sub-% accurate once the first few terms in the series have been included. We then checked
the accuracy of using an effective redshift to model the clustering signal, and found that for
our choice of radial selection functions it has a negligible impact, unless in a very extended
survey between z = 1 and z = 4. The validity of the effective redshift approximation
depends on both the redshift evolution of the sample and the selection function, therefore
any conclusions on more realistic galaxy samples than what we considered here should rely
on the full machinery provided in this work.

We then showed for the first time the impact of lensing magnification on the multipoles
of the observed power spectrum, finding it is not a significant effect at low-z but it can
account for the 5—10% of the monopole and the quadrupole at large scales for sufficiently
realistic high redshift surveys.

A summary of our results, including all GR effects, can be found in figure 8-9. For
low-redshift surveys the Doppler term is the most important GR contribution, up to 5—10%
of the total power, while at intermediate and high redshift lensing magnification becomes
more significant. Other GR effects like ISW, time delays, and local terms are in general
negligible. Being the GR effects a small contribution to the observed multipoles, the effective
redshift approximation remains valid in most cases considered.

There are several directions along which this work can be extended. One of our main
motivation was to understand the importance of GR effects when constraining local PNG
with scale dependent bias. We presented the expression for the average of the Fourier Space
estimator, but we cannot yet quantitatively address any possible degeneracy of GR terms
with PNG because we miss an expression for the covariance of the measured power spectrum
including GR effects and the window function. The mask indeed makes the covariance of the
power spectrum non diagonal on very large scales, and so far only approximate analytical
calculations in the flat sky limit have been proposed [70]. Such an investigation is subject of
work in progress by the authors [71].

Our implementation of the Yamamoto estimator uses the endpoint LOS, but several
other choices are possible. In particular, for analyses aiming at the Doppler terms a symmetric
choice of LOS, like the bisector, is preferable because it sets to zero purely geometric dipoles.
Also in this case the power spectrum can be measured with FFTs [35, 72], and all our
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calculations go through unchanged with the replacement of s; with the length of the new LOS.
It is also well known that Yamamoto-like estimators are not statistically optimal on large
scales [73]. It is therefore natural to ask how to incorporate GR effects in optimal quadratic
estimators of the power spectrum, which are traditionally implemented using a flat-sky RSD
model [74]. As a final remark we note that the full GR calculation is computationally much
slower than the Newtonian one. However given the smallness of many GR terms, one could
imagine resorting to the flat-sky approximation in some cases and obtain order of magnitudes
speed up of the numerical calculations [75]. We plan to return to these interesting problems
in forthcoming publications.
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A Azimuthally symmetric window function

In this appendix we provide explicit expressions for the convolution with an azimuthally
symmetric window function

¢ (s1) = ¢ (51) W (01) = ¢ (51) O (6max — 01) - (A.1)
For this survey geometry eq. (2.10) reduces to
0ty 5\ s
Fpy (s1.8) = 3 ( o g) 26+ 1) 61, (51,5 s, () (A2)
0203

where
emax ™ 27
Ap(x) = 27?/ d6; sin 0, / dfsin 6 déO (cos B2 — cos Opax) Lo (81 - 8) (A.3)
0 0 0

and
2041

orto1,5) = 20 [ g s2) £ ) (A9

For a top-hat redshift selection function we also have that
@ (51) =0 (51 - Smin) © (Smax - 51) ) (A5)

and we can perform the integral analytically obtaining

6(s2) = (V/st + 57+ 2s15) = Y (s1,5) £ 1) (A.6)
V4
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where

b (51,8) = %9 (Smax — (5 — 51)) (A7)

1
[ (s = 52 (51,5, 1) © (52 (51,8, =) = i) [l £ 1)

(sfnafoQfs%)/(stl)

0 (s + 52 (51,5,1)) © (52 (31,5, 1) = sn) | 1 du Lo (1)
1

10 (Smax — 52 (51,5, 1)) © (52 (1, 8, —1) + $min) / du Ly (1)
(sfmnfszfs%)/@ssl)

(srznaxfszfs%)/@ssl)
+06 (_Smax + S2 (81, S, 1)) S} (_52 (31, S, _1) + Smin) / dp Ly 12 ‘|
(s?ninfs2fs%)/(2351)

For this symmetric window function we can also pursuit a different path, without relying
on the calculation of the multipoles of the correlation function. In the case of relativistic
effects integrated from the source to the observer, such approach can lead to a simpler
numerical evaluation. In this case we start considering the expectation value of the power
spectrum estimator

<]5L (k)) = 2L + 1 /ko/dS,sld%Qg (51,5,81-8) ¢ (s1) ¢ (s2) ks, (f{ ) él)
= 2L2—1 /d331d3s§ (51,5,81-8) ¢ (s1) ¢ (s2) i (ks) Lr (8-81) (A.8)

where in the second line we have changed the integration variables (d3s;d3sy — d3s;d3s).
By explicitly using the symmetry of the survey geometry we obtain

<15L (k) = 2L + 1 27r/d313 dss?d0 sin 0d0; sin 01 dpE (s1,8,81 - 8)
X (51) ¢ (s2) o (ks) W (01) W (02) L (8 - 81)
2L +1

== (—i)* 47r/dsls%d832d051n9d91 sin 61

X (s1) ¢ (s2) jr (ks) W (61) W (62) L1, (8 - 81)

_ 2L+1 4ﬂ/d818 dss2dué (s1, 8, 1) & (s1) jr, (ks) & (s2) L1 (1)

x /d91d6W (61) W (62) © (11 — cos (0 + 61)) © (cos (8 — 61) — p)

g(Sl,S,él é)
1—192

sin 67 sin 0

\/(sinﬁsin 01)* — (cos B cos By — p)?
2L + 1

= y) /dsls dsszduﬁ (51,8, 1)

(s1) 1. (65) 6 s2) £1. () F (1) (A.9)

where we have introduced

Omax & x cosf + cos 01
F(x,u) =4 / dé / ddO | — — Omax | © (10 — 0+ 0
(.’B ,U) ™ 0 1 0 < 5(32 + 1 + Q‘T/‘L cos (H’ CO8 ( 1))

sin #; sin 6

1) - ;
\/(sin Osinf;)” — (cosfcosbh — )

X

X0 (cos (0 —61) —

(A.10)
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We can see that this simplified approach fully agree with egs. (2.9)-(2.10). We can easily
relate eq. (A.9) with eq. (2.9) through

2
¢(52>£L(u)F<;,M):Z<€g%> (26, + 1 )2“154( VE (s1,8) . (A1)

00

In particular, for the monopole (L = 0) we have

(262 = X 20 L0 Fr(s1.9) (A.12)

14

B Relativistic correlation function

The full relativistic correlation function can be written as

6(’)(9/ (81, 59, cosf = §1 . §2)
ZJOO (s1,52,c080) Dy (s1) D1 (s2) 1" (s)

ZJOO (s1,82,cos860) Dy (s1) I} (s1) +ZJOO (s2,51,cos68) Dy (s2) I] (s2)

+D1 (s2 /0 XmZ "(s1,82,c080, x1) II' (Ax1)
+D; (s1 /0 ngZ 31,32,0050 x2) I' (Ax2)
+/ dX1Z "(s1,0080,x1) I} (xa +/ dX2Z "(s2,c080, x2) T}" (x2)

+/0 Xm/O dXQZJrgO/ (1, 82,080, x1, x2) I;" (X)
2,n

+J§920/ (s1,82,co80) 09 + Jﬁol (s1,82,c0o80) 04, (B.1)
where
Axs = \/s% + X3 — 281x2 cos 0 (B.2)
Ax1 = \/X% + 83 — 2x152 cos @ (B.3)
X = \/X% + X3 — 2x1x2 cos 6 (B.4)
and we have introduced dg .,
oi= [ 82 (B.5)

The functions J,; are defined in this appendix. In this section we summarize the relativistic
contribution to the full-sky correlation function. The standard Newtonian contribution has
been already derived in section 5.1. To be consistent with previous derivations [60], we
present them in terms of the system of coordinates (s1,sa,cos = 81 - 8).!

1VWith respect to ref. [60] we include also the terms evaluated at the observer positions. Beyond these
additional terms, the reader may need to apply spherical Bessel recursion relations to compare our results
with ref. [60].
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B.1 Auto-correlation

B.1.1 Lensing

T1 T2
£ (51, 52, 08 0) 2/0 dX1/0 dya [JEFIS (AX) + TG 1S (Ax) + 5T (Ax) + T35 13 (Ax))|

(B.6)
where Ay = \/X% + X% — 2x1x2 cosf and (with y = cos @)
T = — PG (12 1) 02D () — s1) D1 (e — 52)
4s1s2Ax"a(x1)a(x2)
x (5sp(s1) — 2)(5sp(s2) — 2) (8y (X% + x%) — 9Ix1X2y° — 7X1X2) : (B.7)
3XEx3 2 102
J = — —1 Q50D —s1)D —
02 251598 a(x1)a(x2) (Z/ ) HoQ0D1(x1) (X1 — s1)D1(x2) (x2 — s2)
X (5sp(s1) — 2)(5sp(s2) — 2) (4y (X% + x%) — 3x1X2y° — 5X1X2) ; (B.8)
e WAXHQ D1 (x1) (X1 = 51) D1 (x2) (x2 — 52) (5sp(51) — 2) (5s(s2) — 2) (B.9)
o s1s2a(x1)a(xz2) o
Ix1X2H Q% 0 D1(x1)
Ju = —s1)D — 59)(5 —2)(5 —2
2 = TAvtal)a(xa)s:ss (x1 — s1)D1(x2)(x2 — 52)(5sp(51) — 2)(55p(s2) — 2)
x [2xt (792 = 3) = 16xtxay (12 + 1) + x3x3 (119" + 1492 + 23)
~16x1x3y (17 +1) + 28 (707 - 3)] - (B.10)

B.1.2 Doppler

We consider now the contribution of the Doppler term (including the peculiar velocity of the
observer). By following the same approach we find

€UV (51, 89,c080) = Dy (s1) Dy (s2) {Jgg”l\ (s1,59,c080) I3 (s) + Job ! (s1, s2, cos 0) I3 ()
i (s1, 52,008 0) I3 (5) + Jog " (51, 52, c0s0) IF (5)]

+D1 (s1) [J} " (s1, 55, 0080) I} (s1) + )" (s1, 52, c080) I} (1)
+ Jlg‘ (51, 89,c080) I} (51 )}
+D1 (s2) [Jv”v” (s2,51,cos0) Il (s2) + J U”U” (s2,81,cos0) Ill (s2)
+Ji3 il (s2,81,cos6) I3 (52)}
+JUH I (51,82,0080) o9, (Bll)
where
sl _ i 2 _ 2 2
Joo | (s1,82,y) = 45f1f27'l17'12731722 (y 5182 — 2y (81 + 32) + 33182) , (B.12)
v 2
Jg‘zl 1 (s1,82,y) = *f1f27'l17'12731732 (y28182 — 2y (s% + s%) + 33132) , (B.13)
Joyd M (51, 82,y) = ﬁflfﬂll%ﬂeﬂb (y 5189 — 2y (s% + s%) + 33132) . (B.14)
V||V 1
Jog ! (s1,52,9) = §y82f1f27'117'l27317327 (B-15)
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Tl (s1,89,9) = —yfoHoss fiR1(Ra — 5sp(s2) +2), (B.16)
V||V 1
Jii " (s1,82,y) = gnyHOS%f1H1R1(R2 — bsp(s2) +2), (B.17)
V||V 1
Jig " (s1,82,y) = gnyHOS%flﬂlRl(R2 — bsp(s2) +2), (B.18)
v 1
J;g I (81, 32,y) = gyng%(Rl — 581,(81) + 2)(R2 — 581,(82) + 2) . (B.19)
B.1.3 Local gravitational potential
The contribution of the local gravitational potential terms is determined by
£%% (51, 89,c080) = D (s1) Dy (s2) Jfg (s1,59) I (s)
+D1 (s2) Jig* (51, 52) I (s2) + D1 (s1) Jig* (52, 1)1 (s1)
+J%9 (s1,82) 04, (B.20)
where
Joo _ st B.21
04 (81752) 4(1(81) ( ) ( )
X (fz (2a 52)(fevo(s2) — 3)H3 + 3HOQM0) + 3HGQU0(Ra + 5sp(s2) — 2))
x ( f (Za 1) (Fovo(51) — 3)H2 + S”HOQMO) + 3H2010(Ry + 5sp(s1) — 2))
Hoss
TP (s1,82) = —2(Hos1(2fo — 3Qu0)Ri + 2fo(5sp(s1) — 2)) (B.22)
4s1a(s2)
x ( o (ga(SQ)( Fovo(52) — 3)H2 + 3HOQM0) + 3H20010(Ra + 5sp(s2) — 2))
H2
Joa (51,52) = (H081(2f0 —3Q0)R1 + 2fo0(5sp(51) — 2)) (B.23)

4518
(H082(2f0 —3Qr0)R2 + 2fo(5sp(s2) — 2)) -

B.1.4 Integrated gravitational potential

For the integrated terms we obtain

§f¢f¢ (81, 82,co86) = /S1 dx1 /82 dX2J4f0¢f¢ (81,82, X1, X2) Iél (Ax) , (B.24)
0 0
where
Ji{)¢f¢ (51,82, X1, X2) = 9AX4H§Q%{O(DI§§1¥)1(X2) (s1(f(x1) = DH(x1)R1 — 5sp(s1) +2)
X (s2(f(x2) — 1)H(x2)R2 — 5sp(s2) + 2) . (B.25)

B.2 Cross-correlations

Here we present the different cross-correlations. In the final result we need to account for
the permutation on the two different source positions.
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B.2.1 Standard Newtonian x lensing

We consider the correlation between the standard Newtonian terms and the lensing magni-
fication.

52
€ (51,52, c080) = Dy (81)/0 dx [ JG5 oo (Axz) + JO5 18 (Axa) JG 18 (Axa)]  (B.26)

where
H2Q 0D
I35 (s1,52,9,X2) = W(Xz — 52)(5sp(s2) — 2)
X (f(sl) (XQ <3y2 — 1) — 3y31) — 5y81b1(31)> , (B.27)
Hi o D1 (x2)

J05 (51,82, 9, x2) = (x2 — 52)(5sp(52) — 2)

14Ax3a(x2)s2
X (78151(81) (—2X§y + X2 (y2 + 3) s1— 2y8%)

+F(s1) (03 (367 — 1) — 2x3y (36* + 8) 1

+xz (997 +11) s — 6yst) ) (B.28)

SHQQMoDl (X?)
700AX§1G(X2)52 (x2 — s2)f(s1)(5sp(s2) — 2)

X (xg <6y2 — 2) + 6ng (y2 — 3) s1 — X% (y4 + 12y2 — 21) s%
+2x3y (y2 + 3) s3 —12x9s] + 4ys?) . (B.29)

T3 (51,82, Y, x2) =

B.2.2 Standard Newtonian x Doppler

€71 (51,52, 030) = Dy (31) D1 () [Jog " 18 () + Jog ' I8 (5) + Joy ' 13 (5)]
+D1 (s1) [T (s1) + 15 13 (s)] (B.30)
where

Jgg“ (s1,82,9) = %f2H2R2 (551(51)(82 —ys1)+ fi (23/282 — 3ys + 32)) , (B.31)

Jg;’\l (s1,82,y) = % (761(81)(y31 — 59) (2y3132 — s% — 3%)
+f1 ((10y2 - 1) s2sy—y (5y2 + 4) 5153 + (y2 + 2) 55 — 3y5?)> , (B.32)

JSZ” (51,82,9) = % (—2 (y2 + 2) sisy +y (y2 + 5) 5155
+ (1 - 3y2) 83+ zysi’) , (B.33)
Jff” (s1,82,9) = éyfoHos1(5bl(81) +3f1)(Ra — 5sp(s2) +2), (B.34)
T (51, 52,9) = $(-DyfoHos fi(Ra — Bsn(s2) +2). (8.35)
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B.2.3 Standard Newtonian x local gravitational potential

€99 (s1,59,c080) = Di (s1) D (s2) 0§18 () + ST (5) + Jof 19 (s) + Jig 12 (5)]

+Dy (1) [ TP} (1) + TP (1) + TS 13 (s)] (B.36)
where
JOE (51,82, 9) = 90a (52) ((3112 1) sy — dysis2 +251) (B.37)
X ( (20(52) (Fevo(s2) = 3)H3 + 3HF 10 ) + 3HFQr0(Ra + Bsp(s2) — 2))
T8 (51,82,y) = 63a (52) ((3y2 1) sy — 4ys152 +251) (B.38)
x (£ (2(52) (fevo(s2) — 3YH3 + BHEQ10) + BHEQw0(Ra + 5si(s2) — 2))
Jof (s1,82,9) = 210‘21(52) (89> —1) 53 — dysisy +25) (B.39)

X (fg ( a<32)(fevo(82> — 3)7‘[% + 37‘[%9]\/10) + 3H%QM0(R2 + 58[)(82) — 2)) s

~ (8bi(s1) + f1)
6a(ss2)

x (f2 (za(SQ)(feVO(SQ) —3)H:+ 3%39M0) + 3H2Q10(Ra + 5sp(s2) — 2)) ,
7‘[08%(351(81) + f1)(Hos2(2fo — 3Q0)Ra + 2f0(5sp(s2) — 2))

T30 (s1,52,9) = (—23/5152 + 51+ 83) (B.40)

Tt (s1.52,y) = >, o (BaY

Jﬁb (81, . y) _ Hos%(bl(sl) + f1)(H082(2f01:)83QM0)R2 + 2f0(5$b(82> — 2)) ’ (B.42)
2

Jisgs (81, 59, y) _ ’HOS%(bl (81) + fl)(HOSQ(Qf()lBSSQMO)R2 + 2f0(55b(82) — 2)) . (B.43)
2

B.2.4 Standard Newtonian x integrated gravitational potential
5 fo _ * 5[ 10 5 [6 10
£ )% (s1,52,co86) = Dy (s1) ; dxz |Jog Lo (Ax2) + Jos I3 (Ax2)
+Jod f¢f4 (Ax2) + Jog fd)fo (Ax2 )} (B.44)

where

HZ0D1(x2) f1

Jgof¢ (51,52,9, X2) = (X% (3y2 - 1) — 4dx2ys1 + 25%)

15a(x2)s2
x(s2(f(x2) — DH(x2)R2 — 5sp(s2) +2), (B.45)
2
J32f¢ (51,52,9, X2) = 27{0;21]\;(()21)2}2{2)161 (X% (392 - 1) —4dxays1 + 23%)
x(s2(f(x2) — DH(x2)R2 — 5sp(s2) +2), (B.46)

H3U0D1(x2) f1
: 35&( 2)82 ( (By
) —

x(s2(f (x2

) —4x2ys1 + 28%)
1)H(x2)Ra — 5sp(s2) +2) (B.AT7)

d )¢
J(]4f (51,52,%)(2) -
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 Ax3HZQ0Di (x2)

J§0f¢ (51,52,9,Xx2) = (3b1(s1) + f1)

a(x2)s2
X(SQ(f(XQ) — 1)H(X2)R2 - 5Sb(82) + 2) . (B.48)
B.2.5 Lensing x Doppler
1 RV RV
VIl (51, 52, c080) = D (s2) /O dx1 [JOO"IQ (Ax1) + Joo ' 19 (Axa) (B.49)

RU RV S1 RV
+=]()4HL? (Ax1) + J20HI§ (AXl)} +/0 dX1J31HI% (x1)

where
K HEQr0D1 (X
Joo' (51,82, 9, X1) = W(Xl—Sl)szsz(EJSb(Sl) —2)
X (X%y +Xx1 (4y2 - 3) 52 — 2y83) . (B.50)
KV H3Q0D1(x1)
I _ Hp
Joo ' (51,52,9,X1) = m(Xl*Sl)fzﬂsz(fJSb(Sl) -2)
X (4xi‘y + 4y} (2y2 - 3) s2 4+ 2y (11 - 23y2) 52
+x1 (23y2 - 3) 55 — 8ys%) , (B.51)
K H3Q0D1(x1)
I 0Qn0D1(x1
= - 7 — _ 2
Joa ' (51,52,9,X1) 705 Zalx1)s1 (x1—51)faH2Ra(5sp(s1) — 2)
x (2xty +2x3 (207 = 8) 2 — X3y (v2 +5) s
+x1 (2 +9) 53— 4ysh) | (B.52)
kv AXIHEZQ 0D
JQOH (317 52,Y, Xl) = =X a(lej\;[(gl 1(X1) (X1_31>f2H2R2<58b(81) — 2) , (B.53)
kv 3x1y foH3 0 D1 (xa
J31” (s1,82,9,x1) = — ! a(ox1)81 ( )(Xl — 51)(55p(51) — 2)
X(RQ — 585(82) + 2) . (B54)

B.2.6 Lensing x local gravitational potential

S1
€% (51, 82,080) = Di (s2) /0 dxt [J65 I8 (Axa) + T 18 (Axa) (B.55)
LIS (Axa) + J53 13 (Axa)]
where

HiQros2D1(x1) ) 2 2
60a(x1)a(s2)s1 (x1—51)(5sp(s1) — 2) (2X1y X1 (y + 3) 9 + 2952)

% (£2 (2a(52) (fevo(52) = 3)H3 + 3H310)
+3H20010(Ra + 5sy(s2) — 2)) , (B.56)

J&? (817 52,9, Xl) =
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HZQr082D1(x1)

J5 (s1,82,9,X1) = (x1—51)(5sp(51) — 2) (2X%y - X1 <y2 + 3) s + 2y83)

42a(x1)a(s2)s1
% (f2 (20(s2)(fevo(s2) — 3)H3 + 3H5r0)
+3HE0(Ra + 5si(s2) — 2)) | (B.57)
T (sts2. ) = TEB) (0 )50, 51) — ) (2 — o (1 +) 2+ 2059)
x (2 (2(s2) (fevols2) — 3)M3 + 3HF o)
+3H3000(Ra + 5sp(s2) — 2)) , (B.58)
yAXTHE 052 D1 (x1)

(x1 — s1)(5sp(s1) — 2)

I3 (51, 89,9, X1) =

2a(x1)a(s2)s1
X (£(s2) (2a(52) (fevo(52) — 3)H3 + 3HF 10
+3HE0(R2 + 5si(52) — 2)) - (B.59)
B.2.7 Lensing x integrated gravitational potential
&0 srosmcost) = [T [P B @ B o] @)
where
" A 2 492
J31f¢ (s1,82,c080,x1,X2) = g(f(fl)(i;;oslgo D1(x1)(x1 — 51)D1(x2)(5sp(51) — 2)
X( (f( ) — 1)H( )RQ — 585(81) + 2) , (B.61)
K _ 4Q
Jggf¢ (s1,82,c080,x1,X2) = 9X12>;2(>(<y1) &;ZSQMOD (x1)(x1 — s1)D1(x2)(5sp(s1) — 2)
x(s1(f(x2) — 1)H(x2)Ra — 5sp(s1) +2). (B.62)

B.2.8 Doppler x local gravitational potential

€919 (51, s9,cos6) = D (s1) Dy (s2) [vai’ (s) + Jv|\¢ 1 (s) + J”H¢’ 0 () + J”UHd) 2 (s )]

4Dy (s1) JP I (s1) + Dy (89) Jolo’ I3 (s5) (B.63)
where
Ton? (51, 52,) = —w(& — ys2) <f2 <2a(52)(fevo(82) —3)H5 + 3H39M0>
+3HZ000(Ra + 5sp(s2) — 2)) : (B.64)
T (1,20) = =R ) (s (20(62) s (52) — 316 + 3743001)
+3H3Q10(Ra + 5si(s2) — 2)) | (B.65)
T Gsa) = =SB  —y) (£2 (2a(60) on(o2) — 9993 + 3730200

+3H3Q10(Ra + 5si(s2) — 2)) | (B.66)
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s2fiHi Ry

o0 (51, 52,) = — (51— y52) (f2 (2a(s2) (fevo(52) — 3)H3 + 3HEu10)

6a(s2)
+3H20000(Ro + 5sp(s2) — 2)) : (B.67)
JSH ®o (51’ 59, y) _ HOS%lelRl(Hosz(?)QMO 2—522]00)732 + 2f0(2 — 5Sb(82))) ’ (B.68)
3
J:ﬂ‘od) (51,82,y) = —y5222§2 (R1 — 5sp(s1) +2) (f2 (2a(32)(fevo($2) —3)H5 + 3H§QM0)

+3H30(Ra + 5sp(s2) = 2)) . (B.6Y)
B.2.9 Doppler x integrated gravitational potential
€% (s1,50,0050) = D (s1) [ e |7 (dvca) + 4 18 (M) (B.70)
0

+J0Hf¢’]4 (AX2)+J2"f I3 (Ax2) ] / dX2J3Hf I (x2) ,

where
v [o ~ AXZHEUM0 D (x2) iR B
Joo? (s1,82,9, x2) = 15590 (x3) (x2y — s1)
X (s2(f(x2) — )H(x2)R2 — 5sp(s2) +2), (B.71)
o [ _ 28 3HEQm0D1(x2) iRy
Jo2 (51,82,9,x2) = 21s9a(x2) (x2y — 51)
x(s2(f(x2) — 1)H(x2)R2 — 5sp(s2) +2), (B.72)
v [o ~ AXZHEU0D:1 (x2) iRy
Jo4 (51,82,9,Xx2) = 35s0a(x2)
x(x2y — s1)(s2(f(x2) = DH(x2)R2 — 5sp(s2) +2), (B.73)
v AXZHZQ 0D HIR
TP (51, 50,y xo) = SXETT0 1ba) b ~(x2y — 51)
82a<X2)
x(s2(f(x2) — )H(x2)R2 — 5sp(s2) +2), (B.74)
v 3x3y foH3 Q0D
Ja! Jo (51,82,9,x2) = — XayJoHoao I(XZ)(Rl — 5sp(s1) +2)
s2a(x2)
x(s2(f(x2) = DH(x2)R2 — 5sp(s2) +2). (B.75)
B.2.10 Local gravitational potential x integrated gravitational potential
f‘bfd) (s1,82,c080) = Dy (s1) / dX2=]4o IO (Ax2) / dX2J04 Ig (x2) , (B.76)
where
¢ [o 3AX5 M50 D1 (x2)
J S1, S92, = S —1)H Ro—bsp(s2)+2 B.77
10 (51,82,X2) 2520(x2)(51) (s2(f(x2) = )H(x2)Ra —5sp(s2) +2) (B.77)
x ( f (2(1(31) Fovol(51) — 3)H2 +3H39M0) +3H20(R1 +5sp(s1) —2)) :
3XGHEQ 0D
T T? (51,59, x0) = DXEEOEMODIOR) (0 (30— 1)24(30) Ry — By (52) +2) (B.78)
2s152a(x2)

X (H051(2f0 — 3QMO)R1 + 2f0(58b(51) — 2)) .
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C The observer’s velocity

The numerical results in section 5 are computed in a frame determined by vops = 0. We now
want to investigate the contribution of the observer velocity in more detail. In general the
correlation function will contain terms proportional to the variance of the velocity field

cosf cosf
(i) = =5~ T (0) o2 = ——Hi o (c.1)

where cos @ = §;1 -89, i.e. they are pure dipoles. From definition of the Fourier space estimator,
eq. (2.1), we get

B0 = | = [ @sics 013 720 (51) 6 (s2) e~ o2 (C.2)
s 3
1 0 . .
= / d®s1ds, CO; H3 f2o20 (51) & (s2) Z (204 1) jo (ks1) je (ks2) L (cos 8)
l

Now considering a window function with an azimuthal symmetry, the above expression re-
duces to

uiZ oy _ Hofgo 2
(Fy (k) = BEYE %: (20+1) ¢ (k) ge (Omax) (C.3)
where
60 (k) = [ dss?6 (s) o (ks) (C4)
and . .
G0 (Brme) = 2 /O d6, sin 6, /0 d6s sin 0 / dgy cos 0L (cos 0) . (C.5)
For a full-sky survey the function, i.e. 0,2 = 7, we simply have
o0 () = 80 25 ()

and therefore

HE feoo 1672
3A kS

o2
<P0 llo (k)>fu11—sky = ((ksmax Sin(ksmax) +2 Cos(ksmax)

—kSmin Sin(ksmin) — 2 cos(ksmin))? - (C.7)

We can see that if siax > Smin, the contribution to the power spectrum of the auto-correlation
of the peculiar velocity evaluated at the observer position peaks at k ~ 7/smax and

HE oo 25658 .

Vil
<P0 0 (W/Smax»full—sky ~ 3A g (CS)
Analogously, for the case considered in the manuscript with fg., = 1/3, we find
o2 fH2f20_2 81611 N
(Po" (7/smax)) ~ 031?1 . (C.9)

2

Therefore the contribution at the largest scales is given by the square of the Hankel transform
of the window function together with some geometrical factor due the partial sky coverage.
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Figure 11. The contribution to the monopole of the power spectrum of the terms involving the
observer velocity computed within linear theory.

Interestingly, in full-sky this effect is purely sourced by the dipole of the correlation
function. This is a spurious dipole induced by the observer motion inside a sphere defined
by the full-sky window function in terms of real space coordinates. However, in a real survey
the window function is determined in redshift space and therefore we need to account for
its relation to the real space coordinates ¢(z1) ~ ¢(s1) + %‘?)%521. This is the so-called
Kaiser rocket effect [68], and it has been also generalized in a relativistic framework in ref. [76].
Figure 11 shows the effect of the observers’ velocity on the large scale monopole of the power
spectrum computed from C.3. The shape of this contribution is completely determined by
the angular and radial selection functions, as one can realize by noticing both auto- and
cross- terms have the same shape.

So far we have implicitly assumed that the velocity field at the observer vons is a ran-
dom variable drawn by the linear Gaussian distribution of cosmological perturbation statis-
tics. However, our motion with respect to the CMB frame can be measured from the CMB
dipole [77-80] and from the modulation and aberration of the CMB anisotropies [81, 82].
Our velocity with respect to the CMB is sourced by a combination of the linear gravitational
field, usually identified with the Local Group Velocity, and short-scale non-linear effects,
see e.g. [83]. In cross-correlating the observer velocity with the perturbations at the source
position we need to account only for its linear component.

If the observer velocity is known we can include its effect in our estimator. By assigning
the measured value to vgps, We are in practise drawing a single cosmological realization, and
therefore difference should be smaller than the cosmic variance, as discussed in refs. [61, 84].
In this case we have

’UH(Q) o ’U% ko 3 3 A A A A —1k-so _ik-sy
(P ° (k) = A ar d’s1d”sy (V- 81) (V-82) @ (s1) @ (s2)e €
4 . )
= %ng/dsls%dswgqﬁ(sl)¢(82)J@ (ks1) je (ks2)
m

2

X (C.10)

/d931W(§1) (¥ -81) Yo (31)
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Now we compute

AN (o & 5 dr A\VE (o 5 5
[ a0 @80 Vi 60 = 5 3 / A2,V (31) iy (¥) Yiag (81) Yion (1)
4
where
WZmM /d951W(Sl) YlM (Sl)Yém 81 ZW@ /QW, s (C.IQ)

Kl /

from which it follows

2 1672 <
=3 > Z Y (%) Yine (V) Wennt W -

H/dQslVV(él) (% - 81) Yo (61)

M=—1M'=-—1
(C.13)
The final result reads as
)2 647r V2 _ ‘
<POH0 (k) = Y0 Z/dsls d@s%d) (s1) & (s2) je (ks1) je (ks2)
X Z Z Yive () Yine () Wt Wesar
M=—1M'=—1 pooy
6473 vg 9 1 1
=A%k > >0 Yiu ()Y (%) 3 Wemn Wi - (C.14)
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