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Nonlinear redshift-space distortions on the full sky
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We derive an analytic expression for the two-point correlation function in redshift space which (i) is
nonlinear (ii) is valid on the full sky, i.e. the distant-observer limit is not assumed, (iii) can account for the
effect of magnification and evolution bias due to a nonuniform selection function, and (iv) respects the fact
that observations are made on the past light cone, so naturally yields unequal-time correlations. Our model
is based on an exact treatment of the streaming model in the wide-angle regime. Within this general regime,
we find that the redshift-space correlation function is essentially determined by a geometric average of its
real-space counterpart. We show that the linear expression for the galaxy overdensity, accurate to
subleading order, can be recovered from our nonlinear framework. This work is particularly relevant for the
modeling of odd multipoles of the correlation function at small separations and low redshifts, where wide-
angle effects, selection effects, and nonlinearities are expected to be equally important.
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I. INTRODUCTION

Redshift-space distortions (RSD) have been identified as
a key observable to test the laws of gravity and probe the
validity of the ACDM model [1]. Typically one treats RSD
in the flat-sky regime, or distant-observer limit. In this
regime, the redshift-space correlation function takes a
simple form with a multipole structure consisting of a
monopole, quadrupole, and hexadecapole [2,3]. However,
this approximation is only valid over a limited range of
separations and opening angles. At small separations,
nonlinearities become relevant and need to be included
in the modeling; whereas at large separations and opening
angles, the flat-sky approximation breaks down and wide-
angle effects need to be accounted for. These two types of
corrections are usually treated separately: either one models
the linear correlation function with wide-angle corrections,
or one models the flat-sky correlation function in the
nonlinear regime. In most cases, these separate approaches
are enough to provide a precise description of the signal.

Besides a desire for a general model, there are two
situations where both wide-angle corrections and nonlinear
effects might become relevant over the same range of
scales. The first concerns measurements of the correlation
function at very low redshift, such as those expected from
the Dark Energy Spectroscopic Instrument (DESI) [4]. In
particular, the Bright Galaxy Survey sample of DESI has a
very high number density of galaxies at low redshift (with
median z = 0.2), over 14, 000 deg2 [5]. At these redshifts,
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nonlinear evolution might be expected to be relevant up to
relatively large separations, while wide-angle effects are
expected to be important down to relatively small separa-
tions [6]. These effects are indeed governed by the ratio of
pair separation s to distance d, which quickly becomes non-
negligible for small d. A nonlinear model on the full sky
may therefore be needed for this type of survey.

The second situation concerns the measurement of rela-
tivistic effects [7—10], where wide-angle effects and non-
linearities are both important over the same range of scales.
Relativistic effects have been shown to contribute to the
correlation function by generating odd multipoles (a dipole
and an octupole) in the correlation of two populations of
galaxies [11-13]. Both in the linear regime [12] and in the
perturbative nonlinear regime, wide-angle effects are roughly
of the same order of magnitude as relativistic effects. This is
because relativistic effects scale as H/k x RSD, while wide-
angle effects scale as s/d x RSD [12]. These two types of
effects are therefore roughly of the same order of magnitude
at all scales, since s/d ~H/ k' As a consequence, if one
wants, for example, to measure through the dipole the
relativistic effects in the nonlinear regime, it is necessary
to model at the same time wide-angle effects in this regime.

A number of works have studied various aspects of the
problem. Castorina and White [14] calculated the impact of
wide-angle corrections on the even multipoles, modeled

"This is of course a crude comparison, since on the one hand
the ratio of H and d varies with redshift, and on the other hand
RSD and relativistic effects are also redshift dependent. However,
it shows that wide-angle effects and relativistic effects have a
similar scaling and cannot be treated separately, even for large k.
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using the resummed approach to Lagrangian perturbation
theory (LPT) [15,16]. Their work showed that linear theory
is adequate to describe wide-angle corrections for the even
multipoles, except around the baryon acoustic peak where
nonperturbative corrections are known to be important [17].
However, their model misses a contribution related to the
(uniform) selection function. This was pointed out by
Taruya et al. [18], who presented a model similar to that
of Castorina and White, but without this deficiency (see
also Refs. [19,20] for subsequent work including the
gravitational redshift). A comparison with simulations
showed that the contribution from the selection function
is important for an accurate prediction of the dipole
moment (though not for the even multipoles). Both of
these works did not consider contributions from a nonuni-
form radial selection function. It is however known that in
the linear regime a nonuniform selection function generates
contributions from the magnification bias, which are of
the same order of magnitude as wide-angle effects [21],
and may even dominate the signal for some choices of
populations [22].

Concerning the second situation, Beutler and di Dio
[23,24] proposed a method to compute the relativistic
power spectrum, including selection effects and wide-angle
effects in perturbation theory. They derived an expression
for the dipole, including contributions up to third order in
perturbation theory, which agrees well with numerical
simulations up to k. ~0.4h~! Mpc. More recently,
Noorikuhani and Scoccimarro [25] calculated the impact
of relativistic effects and wide-angle corrections on the
galaxy power spectrum and bispectrum. Their approach
was to model these Fourier statistics in the usual way—i.e.
work in the distant-observer limit and use one-loop
perturbation theory—but supplement with the leading-
order relativistic and wide-angle contributions. This hybrid
approach was justified on the basis that the nonlinearities
were found not to mix significantly with the relativistic and
wide-angle effects.

This paper begins a study of these two situations from an
altogether different approach. Here we will largely focus on
the first situation, exhibiting a novel approach to the
streaming model [26,27], a nonlinear model of the RSD
correlation function; a forthcoming work will be dedicated
to a complete model for the second situation. We will thus
show how the streaming model can be exactly extended to
the wide-angle regime, taking advantage of the simple
geometry of the problem in configuration space. This
model is similar in some respects to that of Taruya et al
[18] but differs importantly in others. In particular, here we
allow for the more realistic case of a nonuniform selection
function, which leads to further distortions through the
magnification and evolution bias. In addition, here we
derive in full generality the relation between the matter
density field in redshift space and in real space, indepen-
dent of the details of how such fields might evolve or might

be biased in relation to the galaxy field. (The dynamics and
galaxy bias can be specified, for example, using the
“convolution LPT” prescription [28-30], as has proven a
powerful method.)

Based on a more general treatment of the redshift
mapping and number conservation, we will further show
that the streaming model can also accommodate selection,
galaxy evolution, and relativistic effects—indeed, almost
all subleading effects at O(H/k). These effects, as men-
tioned, are of the same order as the wide-angle effects so in
principle should also be taken into account. With the
streaming model, these effects are logically separated
and enter in resummed form, thereby offering a compact
way of capturing the large number of terms that contribute
to the overdensity at subleading order (i.e. when expressed
through a perturbative expansion). Additionally, its modu-
lar form lends itself well to the problem of modeling at the
same time the three different kinds of sources of non-
linearity that need to be considered in a realistic model—
namely, dynamics, galaxy bias, and the redshift mapping
(wide-angle effects in our model are exact to all orders
in s/d).

The outline of this paper is as follows. In Sec. I we
extend the nonlinear approach to RSD [26] to the wide-
angle regime, deriving a nonperturbative expression for the
wide-angle correlation function in redshift space. In Sec. I1I
we extend the derivation to construct a more realistic model
of the correlation function which takes into account
selection effects, as well as the fact that observations are
made on the light cone. We then perform a perturbative
expansion of our model in Sec. IV and show that well-
known results from linear theory are recovered, including
of many relativistic effects. In Sec. V we present the full-
sky generalization of the Gaussian streaming model, and
show that it is consistent with the expected form in the
distant-observer limit. In Sec. VI we calculate the linear
theory multipoles including wide-angle contributions, and
show that they are consistent with expressions found in the
literature. Our conclusions follow in Sec. VII. Several
appendixes describe the details of our calculations.

II. NONLINEAR MODELING IN THE
WIDE-ANGLE REGIME

This section is principally devoted to a study of the
relation between a galaxy at its true (comoving) position x
and its observed (comoving) position s,

s(x) =x+X-u(x)X, (1)

as concerns the correlation function in redshift space. Here
u = H~'v (which has units of length), v is the peculiar
velocity, and H is the conformal Hubble parameter. This
mapping of course leads to the well-known Kaiser effect,
typically modeled in the distant-observer limit in which one
assumes that distant objects have identical line of sight X.
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This approximation is valid for small opening angles
between any two lines of sight in a galaxy sample.

Here we present an exact treatment of the general case in
which lines of sight X are allowed to vary across the full sky
without restriction to small angles. To highlight the key
trick in this paper and make clear the geometric interpre-
tation, we will first present the calculation of the full-sky
correlation function without any complicating factors
such as selection effects. We will also focus on equal-time
correlations and suppress the time dependence in the
number density, velocity, etc.; we will restore it in
Sec. III when we come to consider unequal-time correla-
tions on the light cone and related projection effects.

The basis of our approach is the number of conservation
of objects in real and redshift space:

n,(s)d% = n(x)d’x, 2)

where n(x) and n,(s) are the comoving number densities in
real and redshift space, respectively. In integral form, we
have equivalently

ny(s) = /d3xn(x)5D(s —-s(x)). (3)

This expression in fact holds for general mappings s(x)—
not just for Eq. (1)—including those that also contain
transverse displacements. It also holds in the regime of
multiple streams, i.e. when more than one point in real
space formally maps to a single point in redshift space
[when s(x) has singular Jacobian].

Now, since we work on the full sky and since the
mapping only affects the radial positions, it is natural to
switch to a spherical coordinate system. Thus let y = |s| be
the (observed) radial distance in redshift space and ' = |x|
the radial distance in real space. Writing Eq. (3) in spherical
coordinates, separating the Dirac delta function into a
radial piece and an angular piece, and inserting ng(s) =
fig[1 + 65(s)] and n(x) = 7[1 + 6(x)] (here 71, and 72 denote
the mean number densities in redshift and real space,
respectively), we have

1+5s(5)—/wd)(’ /2/d2 1+68(x
0

xﬁ%aDo(-x/—ﬁ-u<x>>aD<ﬁ—ﬁ>, 4)

where fi = s/|s| is the line of sight, and we have furthermore
used that, in the absence of selection or evolution effects, the
mean densities in real and redshift space are equal, i1 = 7n;
see Appendix A for justification. Parametrizing the positions
ass = yn and x = y'X, and doing the trivial angular integral,
we get

1 + 8, () :}%Am dy'x*[1 4 8(/')]
X p(y —x —h-u(yh)) (5)

= [Taren +ata)

X/ dk _lk()( Z’)eiku\\()(/ﬁ>’ (6)
o 27r

where in the second line the Dirac delta function is given as its
Fourier representation, writing u) = -u for the radial
component of the velocity. As we will show in Sec. 1V, this
equation recovers at linear order the familiar Kaiser term,
including the subdominant inverse-distance term. With
Eq. (6) it is straightforward to obtain the correlation function

é:s = <5s (S 1 )6Y (s2)> :
/ dr\? / a2

x / e [+ )
(1 + 8(¢4n)e™) )

/ dr? / drax5 1+ &(r)]

where = (y? + y% — 2\ xbcos9)/? is the separation
between the two galaxies in real space, cosd = f; - i, is
the cosine of the opening angle, and we have defined
the following two-component vectors: & = (ki,k,),
x=0x), 2 =0hxh), and w= (u)(x)),u(x;)) =
(A; -u(yjf;), A, - u(ysh,)). Furthermore, in the second
line we have identified the moment generator (") s, where
in this work a subscript 6 denotes the density-weighted
ensemble average

14+ &(x1. 02010y - 1y)

(0)s = ([1+6(x)][1+6(x2)]0)/{[1+6(x1)][1 +6(x2)]).-
©)

There is a more intuitive way of expressing Eq. (8).
Recognizing that the x integral in Eq. (8) (the inverse

Fourier transform of the generating function) defines the
joint probability distribution of radial displacements,

plx —x':x'|hy -1hy)
& . , ..
E/(2;;)2"’_""“"”Z(J—K;r(x’),nl- 2),

(eI™)s,

Z(J;r’ﬁl ﬁz) = (10)
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we can write

1 +&(r1, 02,0y - 10y)
1 o0 00
o [T [T ol o)
X1X3Jo 0
X px —x':x'|hy - 0y). (11)

This formula is the full-sky generalization of the (distant-
observer) streaming model [26], which is given by a single
line-of-sight integral.

The probability distribution (10) is scale dependent: it
depends not only on y — ¥’ but also on y’ itself through the
moments of w (by way of Z).? The existence of coherent
flows is the origin of this scale dependence, without which
p 1s a proper probability distribution. This dependence on
x' has the effect that as we integrate over y| and y}, we pass
through a two-parameter family of probability distribu-
tions, each with different mean, covariance, etc.—there is
not a single fixed distribution. There is also a dependence
of p on the opening angle fi; - A, but, unlike the depend-
ence on ', is known a priori (as indicated by the
conditional).

A useful if heuristic way to view Eq. (11) is as the
expectation of 1 + &(r) when averaged over all real-space
triangles that can be formed from an opening angle fi; - fi,,
e.g. by varying the adjacent side lengths y| and yj.
Schematically,

és = <§>A’ (12)

for (-), some average over triangles. More precisely, we
have a probability space of real-space triangles, parame-
trized relative to the fixed redshift-space triangle by y; — x}
and y, — x5 (see Fig. 1). These radial displacements are
correlated since they are the result of Doppler shifts
produced by the radial velocities u () and u(y5h),
which are themselves correlated. Since velocity correlations
depend on the separation r = X; — X, = yfi; — y5f,, not
all triangles in Eq. (11) contribute with the same probability.
In particular, triangles in real space that are far from the
redshift-space configuration will contribute negligibly, since
no large-scale correlated flow is likely to arise that can map
these configurations into each other; conversely, configu-
rations that are close to each other will contribute signifi-
cantly to the integral. How close will depend on the
characteristic separation along each line of sight as deter-
mined by the means (u(x;))s and (u)(x,))s.

We emphasize that no dynamical assumptions have been
made in obtaining Eq. (11); it is an exact result based on the
formal relation (3) between the observed and underlying

*More precisely, these velocity moments generally depend on
the separation r and the projections t - fi; and t - fi,, which are
geometrically related to !, x5, and fi; - fi,.

> T

FIG. 1. Parametrization of a typical triangle configuration in the
wide-angle regime. The redshift-space configuration (indicated in
red) is the triangle formed by the observer O together with the
galaxies at observed positions s; and s,. An example of a real-
space configuration (dashed black) that could map onto the
redshift-space triangle is indicated by the triangle formed by
X1, X5, and O. Note that candidates for the true positions, x; and
X,, can lie anywhere on the respective lines of sight, and
the probability of a given candidate triangle mapping onto the
observed triangle is determined by the joint distribution of the
separations y; — y} and y, — y5. Here iy and 1, are fixed, and we
have aligned the z axis to bisect the separation s = s; — s, at the
mid-pointd = (s; + s,)/2. Without loss of generality, the galaxy
pair lives in the xz plane.

density fields.” Furthermore, we have made no attempt to
account for the galaxy bias, since including it in this
framework is straightforward [16,29,31]—e.g. by replacing
1 4+ 6 with 14 bo (in linear theory), or, more generally,
some functional of §. Irrespective of tracer (galaxies, halos,
dark matter particles, etc.), the relation between the
observed and underlying fields remains the same.
Finally, since the line-of-sight integrals in Eq. (11)
are over nonoscillatory real functions, evaluating them
numerically is in principle straightforward once the real-
space correlation function and probability distribution are
specified. (In Sec. V we explicitly show the form of these
integrals in the case of the Gaussian streaming model.)

ITII. A MODEL INCLUDING LIGHT CONE,
SELECTION, AND EVOLUTION EFFECTS

Going beyond the distant-observer limit, wide-angle
effects are among a number of effects that need to be
considered all at once. We first give a physical explanation
of these additional effects in Secs. III A and III B, and in
Sec. III C we derive the full model including all effects.

3As with other nonlinear treatments of RSD (e.g. Ref. [26]),
our model is “exact” only to the extent that the redshift mapping
(1) is exact. But this mapping cannot be said to be exact as it is
based on a linear approximation of the full relation between s and
x (even if the perturbations are themselves fully nonlinear); see
Sec. IIT' A.
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A. Extending the redshift mapping to the light cone

Observations are made on the past light cone but this is
not reflected in the mapping (1) nor the correlation function
(11) derived from it. In particular, the mapping (1) does not
take into account the fact that perturbations to the redshift
also induce a displacement in the lookback time, thus
changing the apparent position on the light cone. We can
see this by reconsidering the problem of mapping galaxies
in a redshift survey.4

The basic task is to assign Cartesian (comoving) coor-
dinates s using redshifts and angular positions. For a galaxy
with measured redshift z observed in the direction X, we
assign to it the coordinates s = y(z)X, where the conver-
sion from redshift to comoving radial distance is given by
x(z) = [§dZ'/H(Z'). This is the observed position. (Here
we assume perfect knowledge of the underlying back-
ground cosmology, and no angular deflections so that
X = f.) The (unknown) true position is x = y’X, where
¥ = x(2), 7 = z — 6z is the background redshift and 5z the
redshift perturbation. This is the position that would be
inferred had the redshift not suffered a Doppler shift. The
mapping (1) is obtained by linearizing s = y(z + 6z)%X
about the true position x = y(7)X:

dy
DS’
s~y(Z)X+ vol X

=z

x+X-u(7,x)x, (13)

where in the second equality we have used that
6z =(1+7Z)v-R, obtained from the relation 1+ z=
(I 4+2)(1+v-x) for the Doppler shift.

But redshift is not only an indicator of distance; it is also
an indicator of time, with galaxies at larger redshifts
associated with larger lookback times; see Fig. 2. So in
addition to assigning spatial coordinates, we also assign a
time coordinate 7 to each galaxy [12]. More precisely,
following a galaxy photon along the line of sight X back to
the observed redshift z, we assign

T =19 - 2(2). (14)

the time at which the photon was apparently emitted. Here
7, is the present conformal time. Likewise, we have for the
real time 7 = 7, — ¥’. The relation between 7’ and 7 is then
given by linearizing 7(z) = 7(Z + 6z) about 7(z) = 7. At
linear order we have 7 ~ 7' — (7, x), which together with
Eq. (1) constitutes a map (7', x) + (z,s) on the light cone.
Note that 7’ is in fact degenerate with x since 7 = 7y —
and y/ = |x|, and that the displacement on the light cone is
null: —=(z=7)2+ (y —x)*=0.

In the rest of this section we will work with this
spacetime mapping. As we will see in Sec. IIIC, any

*See Ref. [10] for a discussion of the general problem in terms
of photon geodesics.

X2
S2 ? ) = < X1

FIG. 2. Configurations on the past light cone and their spa-
tial projections. The observed configuration is shown in red, while
a potential true configuration is shown in black. Here §; =
(zo — xi»S;) is the assigned spacetime position, while X; =
(7o — x}.x;) is the real spacetime position, i.e. the position that
would be observed absent all distortions to the redshift. The two-
point correlation between S; and S, is determined by all two-point
correlations between possible X | and X, falling on the lines of sight
(dotted lines).

evolution in the number density between the surface of
constant 7 (constant observed redshift z) and the surface of
constant 7’ (constant background redshift 7) gives rise to an
apparent density fluctuation. These distortions are among
some of the many contributions to the full expression for
the overdensity derived using relativistic perturbation
theory. While subdominant to the Kaiser effect, these
projection effects are of the same order as wide-angle
effects so in principle should also be included.

B. Selection effects

In addition to projection effects related to the light cone,
we also need to take into account the selection effects. These
give rise to fluctuations of order H/k which, although
subdominant to the usual RSD, are of the same size as the
wide-angle corrections so cannot generally be ignored.

1. Flux limit

Since surveys only observe above a certain flux limit F,,
not all sources in the sky will be bright enough to be
detected. This is seen in the observed mean number density,
or selection function 7i,(y, F > F,), which tends to fall off
with distance y. In general, we do not have i, = in (where i
is the selection function in real space), since some sources
that would otherwise not be detectable in real space can
be seen in redshift space due to magnification effects (and
vice versa). The difference between the two effectively
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generates an additional density fluctuation. Note that the
selection function provides a complete description of the
selection effect in the nonlinear regime; however, in linear
theory the relevant quantity is the linear response of the
selection function to a change in the flux limit, i.e. the slope
of 71, with respect to the threshold:

dlog i1
S, = =

20InA,  20ln7, (s)

om,  50lnF, 50lL,’

where m, = —2.5log F, + const is the magnitude limit and
F, (L,) is the flux (luminosity) limit of the survey. This
parameter (not to be confused with the redshift coordinates)
is known as the “magnification bias” and is survey and
population dependent.

2. Galaxy evolution

Galaxies can merge with each other or be created
altogether. This was not reflected in the model (11) which
assumed a constant number of galaxies (7, = i1 = const).
Since the time evolution of the mean comoving number
density 71(7) depends upon the uncertain details of galaxy
formation and evolution, it is conventionally parametrized
by the “evolution bias”

olnn_

Sevol Em,

Featt)=exp(= [ S foale)). (16)

(z

ﬁ(T) = Fevol(T)ﬁ(TO)7

With no evolution, f.,,; = 0 and F.,, = 1 for all time. In
general, f,, is tracer dependent and a function of the flux
cut. Note that the effect of galaxy evolution on the apparent
number density may be considered an example of a
projection effect, in that the lookback time (14) of a galaxy
viewed in real space is different to the lookback time of the
same galaxy but viewed in redshift space.

C. Derivation of the general model

We now construct a model of the redshift-space corre-
lation function valid on the full sky and in the nonlinear
regime, building into it the lookback time (14), as well as
the flux cut and galaxy evolution. The calculation is
essentially the same as before once we have set up the
problem and introduced some definitions. Readers who are
not interested in these details may skip ahead to Eq. (31)
and follow the discussion from there.

To include a flux cut in the model we now need to consider
the luminosity of each galaxy. We define the redshift-space
distribution function ®(z,s, F), i.e. the redshift-space
comoving number density of galaxies in the flux bin
(F,, Fy + dFy). Similarly, let ®(z,x, F) be the true distri-
bution function, i.e. the real-space comoving number

density of galaxies in the (nonredshifted) flux bin
(F,F +dF).

Since the mapping (7, x) — (7(x),s(x)), where 7(x) is
the lookback time (14) and s(x) is given by Eq. (1),
is nothing more than a reassignment of each galaxy’s
coordinates, the number of galaxies per flux bin is
conserved:

@, (z.5. F)dsdF, = O, x, F)d*xdF
= ®(7,x,L)d*xdL, (17)

where 7 =1y — 4 and, in a slight abuse of notation,
(7, x,F) =®(7,x,L)dL/dF. Here 7=15—y and
7 =1y—y', and we recall that these are related by
7 =17 —u). Equation (17) simply reflects the fact that
all galaxies that are observed in d3s with flux between F
and F, + dF, physically lie in d*x with intrinsic luminosity
between L and L + dL. Among all the galaxies in the
volume element d3s or d3x, we select only those that meet
or exceed the flux threshold F,:

O(F, — F,)®,(z,s, F,)d*sdF,
=0O(L - L,(x))®(7,x,L)d*xdL. (18)

Here © is the Heaviside step function which enforces
the threshold and L, (x) = 4xd? (x)F, is the luminosity
threshold for an object at luminosity distance d; (x). Note
that on both sides of Eq. (18) we are imposing the same
selection criterion so that the same galaxies are being
selected in both real and redshift space. Since the lumi-
nosity distance d; is affected by inhomogeneities and
depends therefore on direction, a fixed flux threshold F,
in all directions corresponds to different luminosity thresh-
olds L,(x) in different directions.

Integrating both sides of Eq. (18) yields the differential
relation between number densities [cf. Eq. (2)]

ny(zr,s; F > F,)d = n(7,x; L > L, (x))d®x, (19)

where

nS(T,S;F>F*)E/ dF @ (z,s, Fy),

*

n(7,x;L > L.(x)) = /oo dL®(7,x,L). (20)

L.(x)

Separating the number densities into a mean contribution
and an overdensity, assuming a universal luminosity
function, we obtain

Ai(,L>L.(x))

146,(z.8)]d*s =
+6,(ms)lds ==

[1+8(7.x)dx.  (21)
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The denominator on the right-hand side can be rewritten as
iy(t,F > F,)=#(tr,L > L,(y)), (22)

since the mean number of galaxies at r with flux above F
corresponds to the galaxies that have mean intrinsic
luminosity above L, (y). The fraction in Eq. (21) can then
be split as

(L > {‘*(X)) _
a(z.L > L.(x))

(23)

which gives rise to three contributions. First J,, defined as

(¢.L > L,(x))
(¢,L>L.(x'))

represents the fractional number density of galaxies at x
with luminosity comprised between L, (y') and L,(x) =
L.(x')+SL,(y',f), where the perturbation to the lumi-
nosity threshold 6L, is directly related to the perturbation to
the luminosity distance by

L./ h) =4rF.[d (/' h) - di (/). (25)

1 46,(¢,x) = Z (24)

and is affected by the Doppler effect (among other things).
Here L.(y') = 4nd? (y')F, is the threshold that would be
adopted in the absence of perturbations to the luminosity
distance.

Second 68,,,, defined as

i, L > L.(¢))

1 5 /, - = )
+ evol(T X) ﬁ(‘L’,L > L*(Z,))

(26)

encodes the evolution of the comoving number density
of galaxies, above a fixed luminosity threshold L. (y'),
between the hypersurface of constant 7 (corresponding to
constant observed redshift z) and the hypersurface of
constant 7 (corresponding to constant background red-
shift 7). Using Eq. (16), applied at = and 7’ for the same
luminosity threshold L, (y'), we obtain

Fevol(T/)
1 + Oy (7, X) = ———. 27
e ol( ) evol(T) ( )
Finally o;, defined as
i(t,L > L.(y
1+68,(¢.x) = M (28)

a(t,L > L.(x))’

describes the fractional number of galaxies with luminosity
between L, (y') and L, (y). (Here &, is not to be confused

with the linear matter field.) This term accounts for the fact
that, since we select galaxies above a fixed flux threshold
F., we do not select the same population of galaxies at each
distance. Galaxies that are further away are selected with a
higher luminosity than galaxies that are closer. Because of
this, even if the luminosity function would be constant in
time for all values of L, there is an evolution in the mean
number density.
With this, Eq. (21) becomes

[1+6,(z8))d% = [1 + 8o (Z. )|, (29)
where

14016t (7',X) = [1 + Sevor (7. X)][1 + 6, (/. X)][1 + 6. (7', x)]
x [148(7.x)]. (30)

Without selection and evolution effects, clearly 6., = 6.

An explicit expression for §, can now be obtained by a
similar calculation to the one presented in Sec. II. Thus,
passing from differential to integral form (3), changing to
spherical coordinates, etc., we have

1 [ .
1+ 8,(z, yi) :)7/0 dy/x? (1 + (70 — 4 1))

o A
X/Ze k=) explikuy (o — ', )]
(31)

The difference between this expression and our earlier one,
Eq. (6), is that & there is replaced with &, here, and
secondly the line-of-sight integral is now performed on the
past light cone.

Finally, since Eq. (31) is of the same form as Eq. (6), the
calculation proceeds as before and we can write down at
once the correlation function [cf. Eq. (11)]:

1+&(x1.02.0, -0y)
= [Tanp [Tty )
X po(x —x' |0y -hiy) with
1+ & (r 25,01 - y)
= ([1+ (70 =110 [1 + 610t (70 =25, 1502)]),  (32)

where p, is given by Eq. (10), in which the density
weighting (9) is now with respect to d,, (instead of o).
In particular, notice that & no longer depends on the
separation r, as was the case before, but on the full
triangular configuration given by three numbers, namely
the side lengths y/, v}, and the opening angle fi; - fi,. As we
will see in Sec. IV, this is because in a perturbative
expansion J,, contains terms depending on the line of
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sight i, whose presence induces an angular dependence in
the correlations, breaking statistical isotropy.

We can also see that the correlation function (32) is
a function of the (apparent) past light cone: it mani-
festly expresses the unequal-time correlation of any two
points S; = (z1,8;) = (79 — x1,x10;) and S, = (73,87) =
(70 — x2,x>N»). As with our earlier Eq. (11), the formula
we have just derived is still “summing over triangles,” but
now the “triangles” are all those configurations that can be
formed on the past light cone from an opening angle
N, -f,, as opposed to those formed on spatial hyper-
surfaces. Since these configurations are on the light cone,
they are in principle all observationally accessible, e.g. if
the peculiar velocity of each galaxy was perfectly known.
Hence the correlation function (32) is determined by
marginalizing over all potentially observable configura-
tions, unlike our earlier Eq. (11), which is determined by
marginalizing over unobservable configurations.

Finally, &, is expressed in terms of radial distances
(assuming perfect knowledge of the underlying background
cosmology), but we note that it is also possible, and perhaps
more desirable, to express it in terms of observed and
background redshifts, z and Z. Working in terms of redshifts
and angles, the natural observable is the three-dimensional
angular power spectrum Cy(z,z") [8,21], which we note
can be constructed from our &, if we leave arbitrary the
conversion of redshift to distance.’

IV. RECOVERING LINEAR THEORY

We now verify that our nonlinear expression (31) of the
redshift-space overdensity recovers well-known results
from linear theory. To begin, we expand the last exponential
in Eq. (31), keeping only up to the linear contribution
m Lt”I

1+ 6,(z, yn)
3] o
~— [ dyy
)(2
dk i
x/ e—ik(r x)(l +iku||(7’,)(/ﬁ)>

L [ ol st

+5tot( /’)(/ﬁ)]

< (ol =)= (Fa) ol =) (33)

where we have written factors of k as radial derivatives
using ike™** = —de=** /dy. Note that in Eq. (33) we have
made explicit the dependence of the field in the position
x = y'fi but also in time 7’ = 7, — ¥/, since the density and

>See Refs. [32-34] for related work on connecting C,(z,z) to
the idealized power spectrum P(k), corrected for unequal-time
correlations and wide-angle effects.

velocity are evolving with time. Dropping the quadratic

term w6, taking the y derivative outside of the integral and

calculating the now trivial integrals, we find (recalling that
— /-1

) =H"v))

N . 1d vy (7, i)
1+ 8,(z, ) = 1 + S (7, y ) e ()(2 ”HT>
= ) - L0 (puE )
_J+%““)f@Q ()
_Ldro (L u(zpm)
ydyor d H(z)
=1+ 6i(z, s
T ou(nh) ~ g, (H/FHz)”
1
TR (34)

where 7 =17y —y and an overdot denotes partial differ-
entiation with respect to conformal time. Note that the
second and third term in the second line is equal to 8, =
8ot — V - u) [with the radial velocity field u = fi - u(x)fi],
a formula that is conventionally obtained by linearizing the
Jacobian of the mapping (1). The last two terms in the last
line of Eq. (34) arise because of the lookback time, and are
thus not captured by the Jacobian.

The kinematic terms in Eq. (34) can be understood as
follows. The third term, the radial derivative of the velocity,
gives the well-known RSD effect. The fourth term, propor-
tional to 2/(Hy), is the wide-angle contribution from a
uniform selection function, already present in the original
Kaiser formula. This term is usually ignored since at large
distances (compared to the separation) it is subdominant to
the standard RSD term, but it is important to include in a
wide-angle analysis [35]. Less well known are the last two
terms in Eq. (34); these are due to the fact that, because we
are integrating along the line of sight, we are traversing a
geodesic on the past light cone, with both H and v
evolving along it [12].

In addition to these terms, which derive from the
mapping itself, there are also the selection and evolution
effects. These are contained in J,,, Eq. (30), which at linear
order reads &, =~ 6 + Oyop + 0 + 0. We calculate .y,
0, and 6, as follows.

(i) For &4, expand Fy(7) in Eq. (27) about

=17+ 61
dFCVO
Fevol(71> = Fevol(T) - TIIST
= Fevol(7)<1 - fevolH(ST)’ (35)

where in the second equality the derivative has
been evaluated using Eq. (16). Inserting this into
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Eq. (27) and using that by Egs. (14) and (1)
6t = —6y = —H v, we find

Oevol = fevolUH . (36)

(ii) For &;, expand 7i(z, L > L,(y")) in Eq. (28) around
x =X + 6y. At linear order,
i(t,L>L,(y"))~i(z,L > L,(y))

olna dInL, s
s (1= 2R LX) 39
dlnL, dlny y

where all quantities on the right-hand side are
evaluated at y and the chain rule has been used
on the second term. Here 6y = H‘lv” and the y
derivative is

dinL, _dlnd,
dlny

1
=2 1+—
diny HX( H)()’ (38)

where the first equality follows because L, « d? and
the second equality follows from differentiating
d;(x) = (14 z2)y = y/alt(y)]. Inserting the linear
expansion (37) into Eq. (28), we have

1
5L = 5s, (1 +H—){) vy, (39)

where we have inserted Eq. (15) for the magnifica-
tion bias, replacing 7 with 7, (since the difference
results in a second-order correction).

(iii) For 8, expand (7', L > L,(x)) in Eq. (28) around
L.(Y') = L,(x) =8L,(y,f). At linear order,

i(t,L>L,(x))~i(d,L>L,(y))

olnfi 8L, (')
1 — = 7. 40
x( oL, L) ) (40)

The perturbation to the threshold at a fixed position
in real space is

5L/ B 5d, (/)
L) al)

where the first equality follows from linearizing
Eq. (25), while in the second equality we have used
the luminosity distance fluctuations due to the
source velocity calculated in Ref. [36].6 Inserting
the linear expansion (40) into Eq. (24), we obtain

®See Eq. (53) [or equivalently Eq. (55)] in Ref. [36], noting
that fi there is equal to —i here.

5* = —IOS*UH, (42)

where again we have substituted in Eq. (15) for the
magnification bias.
Finally, inserting Egs. (36), (39), and (42) into Eq. (34)
for 6., we obtain

H  5s,—2
+ <fevol =55, — ﬁ + Hy )1}”. (43)

Upon comparing this equation with the full expression
obtained from relativistic calculations—e.g. equation (2.13)
in Ref. [37]—we see that we have recovered all subleading
effects at O(H/k), with the exception of two terms.
The first is a kinematic term given simply as ). This
missing term can be traced back to the starting point of our
derivation, Eq. (2), which is based on the naive Euclidean
volume element d*x. This Newtonian derivation does not
account for the fact that the hypersurface of constant time
for the moving galaxies (in real space) does not coincide
with the hypersurface of constant conformal time 7. That is,
these two frames are “tilted” with respect to one another,
and it is by accounting for this that we recover precisely the
term that we are after. From an observational point of view,
this term arises because photons, followed back down the
past light cone, do not probe the rest-frame galaxy density.
Based on purely kinematic considerations, these photons
will intercept more galaxies moving toward them versus
away from them [38], so that if a galaxy is receding away
from the observer then the apparent local density is
enhanced relative to its intrinsic value. Technically speak-
ing, the missing term arises through projection of the four-
current j# = nu at the source position onto the covariant
three-dimensional volume element (the three-form dual to
the one-form dx*). Clearly this requires a relativistic
treatment, beginning with a covariant notion of number
conservation; this is however beyond the scope of
this work.

The second term missing is H~'9¥/dy, the contribution
from the gravitational redshift. This can be put down to the
simple fact that the standard mapping (1) only accounts for
the dominant Doppler shift and therefore ignores the
subdominant contribution from the gravitational redshift.
To illustrate the basic structure in a minimal model, we
have neglected to include the gravitational redshift.
However, adding this effect into the model is straightfor-
ward: by Eq. (13) we take s(x) — s(x) — H~'W(x)R; see
also Refs. [19,20]. A complete model including the
gravitational redshift and the relativistic tilt will be pre-
sented in a forthcoming work.
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V. GAUSSIAN STREAMING MODEL
ON THE FULL SKY

The discussion up to now has been fairly general in that
no assumptions have been placed on the statistics of the
velocities that determine p(y —x’) and therefore the
correlation function. We now wish to specify these statistics
by presenting a particular model of Eq. (32), namely, the
full-sky version of the Gaussian streaming model [28],
often used in configuration-space analyses [39-42]. We
will however include the selection and evolution effects,
which we recall are entirely contained in &, Eq. (30). The
lookback time is also included, which amounts to tak-
ing 7 - ty—y.

We follow the usual procedure [16,26] for constructing
such models, namely, we rewrite the generating function Z
in terms of the connected moments using the cumulant
generating function W =1InZ, then Taylor expand W,
keeping only the first and second connected moments
(as determines a Gaussian). In detail, by expanding W(J) =
InZ(J) about J = 0 we have

© i"
W(J) - E _'Jll Ji,,<wi1 Win>5[m,c’
n=1
0"InZ
LW = (—=1)" , 44
<W11 Wt,,>6wl.c ( 1) aJll . aJi" J=0 ( )

where repeated indices are summed over, and i; = 1, 2,
i, =1, 2, etc. Here subscript 6., denotes the density-
weighted average (9), subscript “c” denotes the connected
part of the moment, and w; = u(z;, x;) = 0; - u(z;, x;).
(Without loss of generality one may take the lines of sight
N, and A1, to lie within the xz plane, as in Fig. 1.) Then in
terms of the connected moments

o0 n

20) = exp(30 0 i T i) 69

n=1

These expressions are general. As mentioned, in the
Gaussian streaming model we keep only the first and
second connected moments, i.e. truncating the sum at
n = 2. This leaves the mean and covariance,

B0 ooy ) = (W) = (ig;;) (46)

C(){ﬁv}(/z’ﬁl -h,)
= <WWT>5[M.C
(g Oy ) se () (2)) 5,.c
- <<u()/1)”()/2)>5wl,c <u<x;>u”%>>%,c>' )

Here we have used the shorthand u (v}) = u (7o — x}. x/fi;).
Note that the mean radial velocity u, being density weighted,

does not in general vanish. Keeping terms in Eq. (45) up to
second order in J yields the generating function of a
Gaussian:

Z(J) = exp (iJ g - ;JTCJ> : (48)

Inverse Fourier transform of Z(J), i.e. evaluating Eq. (10),
thus yields a two-dimensional Gaussian with mean pu
and covariance C, which when inserted back into Eq. (32)
furnishes the wide-angle Gaussian streaming model,’

1+&(x1. 0.0 - 1)
1 ) 0 . .
) 2/ d)(/l)(/lz/ d)(/Qﬂflzz[l"i_étot()(/p)(/z’nl'n2>]
X1X2J0 0
1 L,
- — Al C—l ol , 49
i (3w C o w)). @9)

remembering that g and C are functions of y/, x5, and
fi; - fi,. Note that this model does not assume that 6 and u
are Gaussian fields, noris it assuming that in the perturbative
expansion (48) the fields § and u are small fluctuations.
Rather, this model is based on the correlations being small
on large scales. The Gaussian distribution arises from our
having truncated the generating function at second order in
J = k. Of course, extensions to Eq. (49) to include higher-
order, non-Gaussian statistics are also possible [43].

The equivalent model without selection and evolution
effects is obtained by taking &, — £ and 6, — 0 in the
density weighting. The above model also takes into account
the lookback time, which can be ignored by treating time in
the usual way, i.e. as an independent variable (not degen-
erate with distance). Overall, the effect of these three effects
changes the quantitative predictions but does not change
the basic form of the model.

Equation (49) is the full-sky generalization of the well-
known Gaussian streaming model of the distant-observer
limit:

1+ &(s.p) = /_: dry 1+ &(r)] m

X exp <_1(S|| — = ulz(f)f), (50)

2 0%2(1')

where r| and s are the real- and redshift-space separations
along the line of sight, and u,(r) = (Auy);_ . and o7, (r) =
((Auy)?)s. o where Auy=1h-u(x;) - -u(x,), are the

"Since we are using spherical coordinates, the probability
distribution is perhaps better described as a Maxwell-Boltzmann
distribution p & x?¢™* (or some two-dimensional analog thereof).
Although for large variance we note that the Maxwellian is well
approximated by a Gaussian (in the one-dimensional case).
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mean and dispersion of the pairwise velocity, respectively,
and all quantities are evaluated at a fixed time. Although the
wide-angle and distant-observer models are similar in form,
it requires some work to show that Eq. (49) does indeed
reduce to Eq. (50) in the appropriate limit. We leave the
details of this calculation to Appendix B.

VI. MULTIPOLE EXPANSION IN THE
WIDE-ANGLE REGIME

In this section we show that Eq. (11) recovers the
standard linear predictions for the multipoles, including
those induced when going beyond the distant-observer
limit. Since the aim here is to compare our results with
those in the wide-angle literature, we will ignore contri-
butions from galaxy evolution and relativistic effects.

To facilitate the calculation, recall that the correlation
function on a fixed redshift slice can be expanded about the
distant-observer limit as [44]

slemd) =) (5) L acm. 61

i.e. in terms of a small expansion parameter ¢ = s/d, where
for closely separated lines of sight a low-order expansion is
valid. Here L, is a Legendre polynomial of the #th degree,
s = |s| — 85| is the separation, u = cos @ (see Fig. 1), and d
is some distance to the galaxy pair (to be made precise
shortly). Note that in addition to the explicit dependence of
the multipoles in d via e, 5(;) depends also on d through the
evolution of the density and velocity, which depend on
redshift, and therefore varies with distance d. The usual
Kaiser multipoles [3] are given by the n = 0 multipoles:

2
f(()o) (s)= /kzdzkjo( )(bAbBP&S(k) —%(bA‘f’bB)Pe{s(k)

+ %ng(k)) , (52a)
&006) = [ 55 009) (3 a4 P00 =5 Pl
(52b)

&0 =[S R i), (529

where b, and by are the linear galaxy bias of two tracers
labeled A and B, and § = —f§, where f is the growth rate.
The wide-angle corrections are given by multipoles n > 1,
and the /th multipole is given by the sum &,(s,d) =
> e”fg,")(s,d). Unlike in the distant-observer limit, the
wide-angle contributions to the multipoles depend on how

the angular separation u is defined, i.e. what we choose for
the line of sight [14,44].

A. Midpoint parametrization

The shape and size of the multipoles depend on how we
parametrize the triangle as formed by the galaxy pair with
the observer. In particular, we need to fix the definition of y.
This means choosing a line of sight, and there is no unique
choice for this. In this work we use the line of sight defined
by the midpoint parametrization (see Fig. 1). This section
describes this parametrization and collects some useful
formulas. In Appendix D we give a formula relating
multipoles in the midpoint parametrization to those in
the end-point parametrization.

First, the midpoint of the separation s = s; — s, is given
by d=(s; +s5,)/2. We thus have s; =d+s/2 and
s, =d —s/2. The expansion parameter in Eq. (51) is
€ = s/d. In particular, we may align d with the +z axis,
i.e.d = e,. We can also without loss of generality place the
triangular configuration in the xz plane, with the first
galaxy placed in the left half-plane (with negative x
coordinate) and the second galaxy placed in the right
half-plane (with positive x coordinate); see Fig. 1. With
these choices § = —/1 — y’e, + pe., with u =e_ - § and
e, e, are unit vectors along the x and z axes, respectively.

Now s, =d(e,+€§/2) and s, =d(e, —e€S§/2), from
which the unit vectors are found to be
L €.\ w e\"
n =8 = <ez +ES> ”Z; (‘5) L,(u)
—ez—;/l—,ﬂeﬁO( ) (53a)
L _E" © E n
n, =§, = <ez ) >nz; <+2> L,(u)
—e. + g V1 - e, + O(e?). (53b)

Observe that at O(e), the lines of sight fi; and fi, are
symmetric about the z axis (equal and opposite x
components).

Note the following relations when going between
variables {y,x»,cosd =1, -n,} and {s,d,u}:
(0 + x5 — 2112 cos 8)1/2, d:%()(%+)(§+2)(1;(2c0s8)'/2,
and p* =5 (ri —13)*/ (1 +23)* = 2r1x2c0s 9)?]. These
follow from the cosine rule.

B. Linear theory

We now show that Eq. (7) recovers at zeroth order
(n = 0) the standard Kaiser multipoles [3], and at the first
order (n = 1) the wide-angle corrections. As mentioned,
the wide-angle corrections vanish at first order in the auto-
correlation function but not for the cross-correlation func-
tion. We will thus consider the cross-correlation between
two tracer populations, described by linear bias b, and bg.
We will assume no magnification and evolution bias since
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we have already shown in Sec. IV that we recover the
correct linear expression for d,. The details of our compu-
tations can be found in Appendix C.

First we convert Eq. (7) to the cross-correlation. In linear
theory this is done simply by replacing 6(x;) — bo6(x;)
and 6(x,) — bpd(x,):

1+&(s,pu,d) = Ayt | ds

X<(1+bA51)(1+b352 IKW (54)

Here we have used the shorthand &, = §(x;) and &, =
5(x,), and as before w = (uj(x;), u(x,)). For conven-
ience we will also write

Ui(r) = (u;(x1)5(x;)) and ¥;;(r) =

<”i(X1)“j(X2)> (55)

for the velocity-density and velocity-velocity correlation
functions. Here the separation r = x; — X, is given in
terms of the radial distances as r(y’) = y|fi; — y5h,, and in
redshift space s(y) = yfi; — yoi, = r(y).

The idea of the calculation is to expand eV, keeping up
to quadratic terms and dropping zero-lag terms (which are
absent in the linear predictions). The integrations can then
be done analytically (see Appendix C for details). The
result is

. P
Al +bp—U,

E(x1x2-M -1y) bB%Ui 1 s ifth

=bpbpé(s)—
0 0 o 2 .
—‘P»»ﬁ’lﬁé—bB—Uiﬁ’l

X1

+— i
ox10x> !
2 2 0 2 0 .
+b —Un +<X —+— )‘I‘ Al Al
A . o X200 it

(56)

This is the linear correlation function corresponding to the
right-hand side of Eq. (34). Here &, U;, and ¥;; depend on
1 and y, through s (and we remember that lines of sight are
always constant with respect to their radial derivatives,
on'/dy = 0). The first line in Eq. (56) yields the usual
Kaiser multipoles (among wide-angle corrections), while
the second line consists of terms suppressed by a factor of
‘H/k with respect to the Kaiser multipoles, but are of the
same order as the wide-angle contributions.

1. Distant-observer limit

The multipoles of the distant-observer limit (i.e. the
Kaiser multipoles) can be recovered by setting fi; = fi, =
e. = (0,0, 1) and taking y, ¥, — 0. Doing so eliminates
the second line of terms in Eq. (56), leaving

Eo(s, ) = babRE(s) = (bp + bg)osUs(s, i) — 03¥33(s, p)
(distant-observer limit) (57)
where derivatives are with respect to s3, the z component of

s. This equation was first derived in Ref. [45]. A straight-
forward computation of the derivatives yields

2
0slsun) = [ 5 (ialhs) =3 k)20 ) Pl

(58a)
B¥s) == [ 55 (ulks) =3 o hs) 200
S0 ) Pl (58b)

where j, is the Zth-order spherical Bessel function. From
here it is not difficult to assemble the Kaiser multipoles (52).

2. Wide-angle corrections

The wide-angle corrections enter the U; terms at order €
and the ¥;; terms at €2. (Note that in the autocorrelation, i.e.
when b, = by, the corrections also enter U, at €>.) Since
we are interested only in the leading-order corrections
(order €), we need only focus on terms involving U; in
Eg. (56); the terms involving ¥;; are as given in the distant-
observer limit so require no further calculation. For the
0;U; terms in the first line of Eq. (56), we have

0 0
_bB Un]+bA
I

27%

2
~elba=tw) [ S5 (L0

2
~(ba ) [ ca (gj()(ks) -3 9)£20) ) Pl

— L3(u))jo(ks)Poys(k),
(59)

where the first integral on the right-hand side is the distant-
observer contribution, and the second integral is the
leading-order wide-angle correction.® The details of this
computation can be found in Appendix C. For the U, terms
in Eq. (56) up to leading order in €, we have

2 . 2 .
—bg—U;n| + by —U,;n},
X1 X2

k*dk j, (ks
_2€(bA_bB)/WJ1( )

ks Cl(ﬂ)Peé(k)- (60)

$This agrees with Eqs. (52) and (53) in Ref. [12]; see also
Eq. (3.19) in Ref. [46].
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The leading-order wide-angle multipoles are thus

2 N
(6) = (on=tu) [ 51 (~5ath) + 215 st
(61a)
2
45 =5 ba=bw) [ S ik, (610

These are consistent with those given in, e.g. Refs. [18,46].
Note that when working within the end-point parametriza-

tion the odd multipoles, 5(11) and fgl), receive additional
contributions, which are of a geometric, noncosmological
nature (Appendix D). Thus we have recovered the linear
multipoles.

VII. CONCLUSIONS

We have described a framework to model in the non-
linear regime not only wide-angle effects but also selection
and relativistic effects. Our main result is Eq. (32), an
expression for the redshift-space correlation function which
is valid in both the nonlinear regime and on the full sky,
accounts for the survey flux limit and the population
evolution of tracers. Based on this expression, we have
also given the full-sky generalization of the Gaussian
streaming model, Eq. (49), which we have checked reduces
to the well-known flat-sky model (50) in the appropri-
ate limit.

The correlation function (32) takes a lensing-like form
(i.e. is given by integrals along each line of sight) which can
be understood probabilistically: a given two-point corre-
lation in redshift space is determined by averaging over all
the possible two-point correlations in real space that can be
formed on the two lines of sight. Geometrically, this can be
understood as a weighted sum over the space of triangular
configurations in which the observer is fixed at one vertex
with the galaxies at the other two (at the ends of the lines of
sight). Since the opening angle is fixed, the probability
space is two dimensional and given by the joint statistics of
the line-of-sight components of the galaxy velocities. We
note that this heuristic generalizes to higher-order correla-
tion functions (e.g. for the three-point function the sum is
over tetrahedrons).

We have also given a nonperturbative expression (31) for
the overdensity in redshift space. Performing a perturbative
expansion of this expression, we showed that we are able to
recover all but two terms of the well-known linear expres-
sion of the overdensity at subleading order; see Eq. (43).
The first term missing traces back to the fact that obser-
vations probe the number density of galaxies not in their
rest frame but in a frame tilted with respect to it. This results
in an additional kinematic term but requires a covariant
expression of number conservation. The second term is the
gravitational redshift, whose absence is due to the simple

fact that we have chosen to exhibit the formalism using the
familiar redshift mapping (1). A model of the overdensity,
complete down to O(H/k) effects, will be presented in a
follow-up work. Nevertheless, the expression we have
derived provides a compact description of a large number
of terms (RSD, magnification bias, evolution bias, projec-
tion effects related to the light cone, etc.). Furthermore, our
work provides a simple quasi-Newtonian derivation to the
full relativistic calculation.

In summary, we have shown that the streaming model is
not limited to the distant-observer limit but that it can be
straightforwardly extended into the wide-angle regime and
be built upon to include a number of other important
effects. In a future work we will present numerical results
for a realistic model including nonlinear evolution and
galaxy bias, with a view toward an eventual measurement
of the gravitational redshift.
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APPENDIX A: ON THE MEAN DENSITY
IN THE WIDE-ANGLE REGIME

In Sec. I we assumed that 77, = (n,(s)) = 7. However,
this is not assured in the wide-angle regime. This can be
shown by direct calculation of the expectation of Eq. (3):

(ns(s)) —)%fz/omdxfxlz/%e—iko(—x’)m + () ek).
(A1)

In general, the right-hand side does not evaluate to 7.
We can see this as follows. By the cumulant expansion
formula (e’X) = exp(e’¥)., we have that (e*1) = g=**i/2
and (e'*"15) = 0, assuming as a first approximation that &
and u are Gaussian fields. Recognizing that e~kau/2 ig
the Fourier transform of a Gaussian with mean zero and

variance o2, we have

1 ©0 1 2792
ng(s)) = —n dy'y? e~ =) /20 A2
() ;ﬂ/o Y4 V2o, (A2)

That the mean density (n,(s)) is a position-dependent
quantity may seem strange at first, but this is just a
consequence of the loss of statistical homogeneity in the
wide-angle regime, with the observer representing a pre-
ferred location in space. Indeed, in the distant-observer
limit, where homogeneity is retained, this y dependence
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drops out: if y > ¢, then the Gaussian in the integrand is
sharply peaked around y’ = y, so that the integral evaluates
to approximately y°. Therefore (n,) — it as y/c, — oo,
so that it is perfectly valid to take (n,) = 7 in this limit. But
short of this limit there are corrections, which decrease with
depth. Fortunately, convergence to this limit is rapid.
Quantitatively, with the ACDM value o, = 5.8h~! Mpc
(corresponding to a velocity dispersion of about
300 kms™!), we find for depths y > 100A~" Mpc (or
z > 0.023) that the deviations from (ny(s))/n =1 are
<0.3%, i.e. small in most situations of interest.

There are of course corrections to these estimates
from non-Gaussianity due to nonlinear gravitational evo-
lution. These corrections are largest on small scales
k~1/y. On intermediate scales k ~0.14 Mpc™', where
nonlinearities begin to be important, we expect perturba-
tively small departures from Gaussianity. This translates to
non-Gaussianities becoming important at depths y =~
60n~! Mpc (z~0.01) or shallower, i.e. small or negli-
gible by the time we reach the convergence scale
x =~ 100h~" Mpc. This means that, unless one’s sample
contains very local galaxies, there seems little harm in
taking (ng(s)) = 7 (though one can always include the
corrections should they be wanted).

APPENDIX B: RECOVERING THE STANDARD
GAUSSIAN STREAMING MODEL OF THE
DISTANT-OBSERVER LIMIT

In this appendix we verify that the usual distant-observer
streaming model (50) is recovered as a special case of the
full-sky streaming model (49). Clearly we must end up with
one less integral, leaving an integral over the separation ry.
However, this is not as straightforward as simply taking the
distant-observer limit, y;,y, — oo and fi; — f,. It turns
out to be convenient to center the coordinates on the red-
shift-space positions, with the coordinate transformation
X1=x1—q1and x5 = y» — q», or ¥’ = x — q. Equation (49)
then reads

14+ &(x1, 2.0 - i)
=/’“ dg, (1—@>2/’“dq2(1—@>2[1+5<rﬂ
—o0 X1 — X2

<o (~3amu) e (wa () ).

(B1)

(Here we have ignored for simplicity the selection effects
and the lookback time so that 4 and C depend on a triangle
configuration parametrized by r, i.e. we are working on a
constant-time hypersurface.) In the limit yq,y, — oo the
first two factors in parentheses tend to unity (noting that at
large ¢, g, these factors become irrelevant as the Gaussian
rapidly takes the whole integrand to zero). Thus, setting

these factors to unity, and doing some straightforward
matrix algebra, the foregoing expression becomes

1
I4¢— /dql/ o0 +‘§)
Vi-p?

A —A 2(1=p)A A
« exp< 1(A - 2) +2(1-p) 2>, (B2)
2 o*(1=p?)
where as shorthand A; = ¢; — u; and A, = g, — u,, while
Ciy =Cyp =0% and Cj, = ps’, where ¢ =o(r) and

p = p(r) (or functions of ¢, and ¢,). Defining the line-
of-sight separation in real and redshift space, r| = ¥} — 1}
and s| =y, —x,, and the midpoints 7| = (v} +)(2)/2
and 5 = (;(1 +x2)/2, we have q; —q, =5 —r| and
(q1 +42)/2 =5, —F, which implies ¢q; =5 —7 +
%(SH — r”) and ¢, = EH - 7‘H —%(SH - I‘H) (Note that S|
and 5 are fixed by the redshift-space configuration.)

Making another change of coordinates, (q;,q,) to
(7. 7)), we have after some more algebra
© 1+ &(r)
14+ &(sy,s :/ drj —mM 72
(551 o | 276%\/1 = p?
X exp _l_(SH i ui)?
2 26%(1-p)
= (%) — 7||)2>
X drjexp| — R B3
/—oo H p( o*(1+p) (B3)
where we recognized that p; —p, = <u|| (X1))5c —

(u(x2))5c = ur2, and noted that uy,, o, and p depend

on r|, but not Ts hence the last integral. Here we have

rr = rﬁ + 7% and r; = s, . Upon doing the last (Gaussian)

integral over 7| and noting that 26%(1—p) =2Cy; —
2Cy, = ((Auy)?)s. = 01,, we hence recover Eq. (50),

the usual Gaussian streaming model, i.e. in the distant-
observer limit.

APPENDIX C: LINEAR THEORY MULTIPOLES

In this appendix we calculate the contributions to the
multipoles from wide-angle effects and inverse-distance
terms (from the selection function), filling in some of the
details of Sec. VIB. We will compute from Eq. (11) the
leading-order wide-angle corrections, i.e. at O(¢), and will
consider the cross-correlation of two different tracers,
described by linear bias b, and bgy. For this calculation
it is convenient to start with Eq. (7), which for the cross-
correlation function is given by simply replacing §(x;) —
bpad(x;) and 6(x,) = bd(x,):
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1+ & (s, p,d) = 2dy, | APdyh se )

X <(1 +bp0)(1+ bB52)e"Cw>- (C1)
Here we have used the shorthand &, = &(x;) and
6, = 6(x;), and as before w= (A, -u(x;),n, u(x,)).
For convenience we write U,(r) = (u;(x;)8(x,)) and
W,;(r) = (u;(x;)u;(x,)) for the velocity—density and
velocity—velocity correlation functions. In terms of the
(linear) power spectra,

d’k < 1k
Ui(s) = (271_) e k2 Pﬁﬁ(k)
k*dk 1
= / o) Pk, (C2)
d’k - < ik; —ik;
¥,i(s) = /(2”)3 2 *Pgo (k)
Kdk 1 .
= —51'01'/?@]0(“)1)69(@, (C3)

where 6 is the velocity divergence, d; = d/9ds;, and we have
used that u; = ik;/k*@ (for a potential flow). Recall that the
separation r = X; — X2 is given in terms of the radial
distances as r(y’ ) = /A — y5f,, and in redshift space
s(x) =10y — yofy = r(x).

To evaluate Eq. (C1), we expand the generator and keep
only up to quadratic terms:

(14 bab1)(1 + bpdy)e™™)
1
_KaKb <Wawb>

1+ E(r) + i, (W (bad) + bpdy)) —
=1+¢&(r) +

— Ky Y AL W (r),

i(bgkit] — bakafy)U;(r)

(C4)

where we have dropped zero-lag terms since they are
absent in the linear predictions. Here we have used that
(uy6;) = —(u;6,), and (u;6;) = (u,6,) =0, which fol-
low from isotropy of the underlying fields.

We will now evaluate Eq. (C1) using the expansion (C4).
This is a two-step calculation: first evaluate the x integral to
yield a Dirac delta function, then evaluate the radial
integrals. First, focus on the U, term in Eq. (C4); applying
the «; integral on this we have

d’x —ik-(x=x')5 A i
a7 e i(bgrfi; — bakoiiy) - Ulr)

0 0
:U( ) <bAn2%—anla}( >5D(){ Z)

Inserting this back into the line-of-sight integrals and doing
the integration with the help of the delta functions, we obtain

1 0 0
b —-b x3aU(s
1%12( Aaﬂh Baﬂm ) w2Us)
1 0 1 o0
U bg—— (x2U) - fi
A)(%a)(z )2 - B)(%a)(l ! )

Note that ds/y;=n,-Vs=n,-§ and ds/y, = —h, - Vs =
—n, - §. Next, the ¥;; term in Eq. (C4); plugging this into
the «; integral gives

1 d2K B ! AP AT
_5/( 2 WU ek 7y W ()

Inserting this back into Eq. (C1) and doing the radial
integrals we have

1 3] 0
0)(1 o>
2 0

_<6 0 n
o1 0x2  X190%2

Vex OIS

2 0 22 .
+——+—= ¥, (s)Ri A,
X204 )(1)(2) ]() e

, 1
_2
X2

where the second and third terms on the right-hand side are
order H/k, while the last is order (H/k)>.
Altogether we have

5 —2)(%%,/‘”@]2’ (CS)

where &, U;, and W;; depend on y and y, through s, and we
remember that of’ / dy =0, i.e. lines of sight are always
constant with respect to their radial derivatives. This
equation is the wide-angle formula for the linear correlation
function and as we just saw the last derivative produces
an order (H/k)?> term that we will henceforth ignore.
Evaluating the derivatives in Eq. (C5) yields Eq. (56) in the
main text.

We now move onto computing the wide-angle correc-
tions. For this it is convenient to switch to Cartesian
coordinates, noting that for any function f(s), with s =

S| —S,, we have by the chain rule df/dy, = A’lajf and
Of Oy, =—1}0,f, since Os|/dy, =] and ds}/dy,=n?.
With these, Eq. (56) becomes
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E(x1 2 iy - Ry) = babg&(s) — (bt + baiith)o,U;

— kL 0,0,

2 . 2 .
—bg—U;n| + by — Ui},
X1 X2

2 2 o
+ (Y_”}f - _ﬁlﬁ) 8 Y
1 X2

where as a shorthand 9; = d/0s;. Note that when b, = by
the wide-angle corrections enter terms in the first line at
second order in ¢, and when b, # by they enter at first
order in e.

It now remains to compute the multipoles. We will first
compute the zeroth-order multipoles, i.e. the usual Kaiser
multipoles, then the first-order multipoles that are associ-
ated with the wide-angle contributions. The following
derivatives will be needed:

_Jilks)
ks

(Co)

26 an.]()(k ) 5mn +.]2(ks)§m§nv (C7a)

k

1
= 0;0,, 0,jo(ks) =

(C7b)

'()

1
@ 0,0;0,,0,jo(ks) =

\/

(CTc)

where 0; = d/ds;. Note that (2£ + 1)
Jeri(x).

Je(X)/x = jeoi(x) +

1. Distant-observer limit

To recover the Kaiser multipoles, set i} = f, =
(0,0, 1). Then Eq. (C6) simplifies to

E(x1. 020y - By) = bpabpé(s) — (bs + bp)03Us — 03¥53

(C8)

In the distant-observer limit, we can immediately discard
all terms order € and higher, namely, the last two terms in
Eq. (C8), since with y ~d and U ~ ¥ ~ s they are O(e¢).
The remaining terms evaluate to Egs. (58a) and (58b) in the
main text, and from these equations it is straightforward to
assemble the Kaiser multipoles (52). Note that for the

autocorrelation function (b, = bg), wide-angle effects
enter the multipoles at €, not order e. This is only true
in the midpoint (and bisector) parametrizations, however.

2. Wide-angle contributions at leading order

Referring back to Eq. (C6), wide-angle corrections enter
the terms U and oU at order e. By contrast, wide-angle
corrections enter the 0¥ and 3*¥ terms at order €2, so do
not need to be considered further in this leading-order
calculation.

The fact that the corrections are not all second order is a
consequence of the bias parameters spoiling invariance of
the correlations under pair interchange. We thus need
only focus on the U; terms. To develop Eq. (C6) further
we use the leading-order expressions fi; = e, + %n(l) and

i, = e, —<n), where nV = —/1 — yi’e,. For the U,
term in Eq. (C6) we have, with the help of Eq. (C7a),

(bpth it] + bpRy7)0,U;
kK*dk (1 | 2.
:(bA+bB)/2ﬂz<3Jo(ks)—3J2(ks)£2(ﬂ))P95(k)

+2elon=00) [ 100+ L4000 12069 Pusth),

(€9)

where the second term in this expression is the wide-angle
correction (which agrees with Egs. (52) and (53) in
Ref. [12]; see also Eq. (3.19) in Ref. [46]). For the U;
terms in Eq. (56) we use Eq. (C2) and contract with the
appropriate line of sight. The result is Eq. (60). Gathering
these results together, it is a straightforward exercise to
construct the multipoles (61).

APPENDIX D: END-POINT PARAMETRIZATION

The end-point parametrization is less symmetric than the
midpoint parametrization (it induces odd multipoles) but is
often preferred for practical reasons, e.g. for power-
spectrum estimation [47,48]. For completeness, in this
appendix we derive the relation between the multipoles
in the midpoint parametrization (used in this work) and
that in the endpoint parametrization, denoted &, and &7,
respectively.

In general, the (cosine of the) angular separation can
be defined as u = d-$. In the midpoint parametrization
d—e.,
(or alternatively d = fi,); see Fig. 3. Based on a trigono-
metric analysis of Fig. 1, we find that the separations are
related by

while in the end-point parametrization d= n;

103505-16



NONLINEAR REDSHIFT-SPACE DISTORTIONS ON THE FULL ...

PHYS. REV. D 108, 103505 (2023)

> T

FIG. 3. Comparison of end-point separation cos He = flep =
N -§ and the midpoint separation cos@ =y = e, -S.

€
H = Hep +§(/’t/2 - 1) + 0(6.2)’

€
Hep = 1 =5 (W2 = 1) + O(€?). (D1)
The expansion parameter in the end-point parametrization
is €, = 5/s; and €., = € + O(?); since we will be work-
ing to leading order we may use €, or € interchangeably.

The relation between Legendre polynomials in the

midpoint and end-point parametrizations is at leading order
(for 2 >1)

1
[’f(/") = [’f </"ep +§€(Mezp - 1))
~ €2 _ 3L
- 'Cf’(iuep) + 2 (,uep 1) dﬂep

€
= ‘Cf(/"ep) + 5 f(ﬂep‘cf (ﬂep) - Ly (/“‘ep))’

where in the last equality we have used the recursion
relation (x> — 1)dL,/dx = £(xL,(x) — L,_,(x)). Thus, at
leading order in € we have

=3 (s)c
4
- Zéﬁ |:£f /‘ep)

+ Ef(yepﬁf(/,tep) = L1 (pep)) |-

2

Therefore, the multipoles in the midpoint parametrization
are related to those in the end-point parametrization by

20 + 1
) =25 [ dalel)s(s.0)
=&(0) 4 X Mecl(9) + O, (DD
where the coupling coefficients are given by
122 +1
o = E D) / d/"ep‘cf(,uep)
X f/(:uepﬁf’ (ﬂep) =Ly (ﬂep))' (D3)

The nonzero coefficients are M, = —=3/5, M3, = 3/5, and
M3, = —10/9, i.e. the only induced multipoles (at order €)
are for £ =1, 3, the dipole and octupole:

3 10
e (S(ZO) - 3 61(10) ’

ep(l) _ __52 . ;p(1> _ :

1

i.e. there is a leakage of the even multipoles into the odd
multipoles. This expression agrees with Eq. (4.14) in
Ref. [44] upon inserting the Kaiser multipoles (52).
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