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Abstract. We present two new covariant and general prescriptions for averaging scalar ob-
servables on spatial regions typical of the observed sources and intersecting the past light-cone
of a given observer. One of these prescriptions is adapted to sources exactly located on a given
space-like hypersurface, the other applies instead to situations where the physical location of
the sources is characterized by the experimental “spread” of a given observational variable.
The geometrical and physical differences between the two procedures are illustrated by com-
puting the averaged energy flux received by distant sources located on (or between) constant
redshift surfaces, and by working in the context of a perturbed ACDM geometry. We find
significant numerical differences (of about ten percent or more, in a large range of redshift)
even limiting our model to scalar metric perturbations, and stopping our computations to

the leading non-trivial perturbative order.
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1 Introduction

The choice of a correct procedure for averaging physical observables in a curved space-time is
not only an important formal problem for any geometric theory of gravity, but also a crucial
ingredient of observational cosmology.

For instance, the possible impact of small scale inhomogeneities on the large scale dy-
namics cannot be properly addressed without using a well-posed prescription for averaging
their contribution to the cosmological equations. In addition, recent results in the context of
numerical relativity have stressed the need for a full theoretical control on the choice of the
averaging procedure [1]. Starting with the right choice is crucial for reaching the sought level
of precision (or, more ambitiously, for writing the correct numerical code) in the context of
modern cosmological simulations [2-5].

In view of the many theoretical and phenomenological implications of these problems,
several motivated proposals have been presented and discussed, during the last years, for
averaging cosmological observables on both space-like and null (hyper)surfaces [6-15] (see
also the reviews [16, 17] and references therein). In such a context, for an unambiguous and
well-posed prescription, various peculiar aspects of the problem have to be considered and

clearly specified. For instance:

e Which physical observables we are considering.
e Who is performing observations and in which state of motion.

e Which type of messengers the observer is receiving.



e Where are the sources located when they emit the messenger.

All the above ingredients provide indeed crucial contributions to the definition of the average
integral and, in particular, to the specification of the window function selecting the appro-
priate integration domain in the given space-time manifold. Leaving details to the following
Sections, let us briefly introduce here the basic idea.

Suppose, for instance, that we want to average an observable & which is measured
through the light-like signals emitted by sources lying on a space-like hypersurface ¥(A),
defined by the condition A(z) = Ap = const (where A is a scalar field with time-like gradient).
Clearly, the light-like signals will originate from the (co-dimension 2) intersection of such
hypersurface with the past light-cone of the observer, the latter being specified by the value
of a scalar field V (z) = Vj with a light-like gradient. The corresponding average prescription
is thus defined on a two-dimensional surface (if we are in four space-time dimensions), and
is naturally characterized by an integration measure proportional to the proper area of the
above-mentioned surface. The latter can be written in general, for the intersection of two
(or more) arbitrary hypersurfaces (see Eq. (2.10) of [11]), in the form of a general-covariant

integral over the space-time manifold My, and reduces, in the case at hand, to [11]:
/ d*z/=gd(Vo — V)§(Ag — A) |9,V A|. (1.1)
My

As we will discuss in the next Section, this first kind of average can still take different
explicit forms, and leads to the first class of general averaging prescriptions proposed in this
paper. To be more explicit, let us give also a very simple example concerning the observation
of standard-candle sources. If we can measure their redshift we can then consider a free-
falling observer receiving photons emitted from sources that are located on constant-redshift
surfaces. On the other hand, if we can also measure the angular size of those sources, we
can relate their luminosity to their angular sizes. In that case we can still consider a free-
falling observer, receiving photons, however, from sources that now lie on constant angular-
distance surfaces. When averaging the corresponding observational data we find that the two
setups lead to different window functions selecting different integration domains, and thus
corresponding to different averaging integrals. In principle, there is also the possibility of
receiving different messengers from the same source: the fact that such signals may travel
along different paths [18] may lead, again, to different window functions, different average
integrals and thus different averaged results, even if the properties of the source and of the
observer are the same.

There is however a different direction in which we can generalize the above prescription,
and which leads to the second class of averaging procedures proposed in this paper. This
is directly inspired by a close contact with the observational approach, and is motivated
by a (possibly realistic) experimental situation where the effective location of the sources,

differently from Eq. (1.1), is not exactly specified by a given, geometrically well-defined



hypersurface but is controlled instead by the unavoidable range of “spread” of a physical
observational variable. As a consequence, the sources are in general confined within a thin
space-time layer bounded by two very close hypersurfaces. The differences from the first
average prescription also survive in the limit in which the data bin typical of the spread is
very small, and the thickness of such layer tends to zero. This second prescription reproduces,
in a particular case, the averaging procedure recently discussed in [13, 19].

To be more explicit let us also recall that in general, for a finite layer of thickness A,

the averaging prescription was also essentially given in [11] as:

10,VOHA|
V—0,A0"A’

where, with respect to Eq. (2.7) of [11], we have added a second Heaviside ©-function to

/M daz/—g (Vo — V)O(Ag + A — A)O(A — A) (1.2)

restrict the integration to the layer. One could naively expect that, by going to the A — 0
limit, Eq. (1.2) would go smoothly over to Eq. (1.1) but this turns out to be incorrect: the
product of the two ©-functions does go the Dirac d-function of (1.1), but a non-trivial extra
weight factor remains (as will be explicitly shown in Sect. 2). Essentially, this means that
the infinitesimal width of the layer is non necessarily constant all along 3(A), effect that is
lost if we go directly to the zero-width limit.

We shall apply both prescriptions to averaging the distance-redshift relation in a per-
turbed cosmological background, considering in particular the effects of scalar metric per-
turbations on the radiation flux received from distant astrophysical sources. In that case it
will be shown that the two prescriptions give the same results only when limiting ourselves
to contributions arising from the second radial derivatives of the velocity potential (more
precisely, from the so-called effect of “redshift space distortion”), while there are differences
already to the first perturbative order when considering all leading contributions (including,
in particular, the so-called Doppler terms). This clearly demonstrates the physical difference
between the two prescriptions.

This paper is organized as follows. In Sect. 2 we define the two new averaging prescrip-
tions. In Sect. 3 we specialize them to the case of constant redshift hypersurfaces, and we
explicitly write their expressions using for the metric the Geodesic Light-Cone (GLC) gauge
[11]. In Sect. 4 we apply the two averaging prescriptions to a cosmological geometry including
scalar perturbations to the leading non-trivial order. We explicitly compute the average and
the fractional corrections of the radiation flux received from distant astrophysical sources as
a function of their redshift z, taking into account all the leading order effects such as Doppler,
lensing, and redshift space distortion. In Sect. 5 we present a further example illustrating
the possible role of non-geometric weight factors included into the integral measure of the
averaging prescriptions. Sect. 6 is devoted to our conclusive remarks. In the Appendix A
we finally provide the technical details needed for the numerical evaluation of the leading

contributions to the average integrals.



2 General prescriptions for light-cone averaging

In this paper we are mainly interested in defining covariant average procedures that are
relevant for cosmological observations based on light-like signals. To this purpose we need to

specify the following main ingredients.

o A scalar field S(x) whose average we are interested in.

A scalar field p(x) which specifies an additional weight factor associated with the av-

eraging of the variable S(x) (such as, for instance, the total matter density).

e A scalar field A(z), with timelike gradient, often conveniently associated with a chosen

free-falling observer whose four-velocity is given by n, = —d,4/|0, Ad" A|'/2.

e A scalar field V(z), with lightlike gradient!, that identifies the past light-cones centered
on the observer, and spanned by the null momenta £, = 9,V of the photons emitted
by the sources (k k" = 0).

e A scalar field B(x) which identifies the space-like (hyper)surfaces on which the sources

are located.

e Finally, a scalar field C(x) whose normalized gradient m, = —8,C/|9,C0"C|"/? de-
fines, as better specified below, the flow lines along which we may consider the varia-
tion of the volume integral on the hypersurface identified by B through the embedding

higher-dimensional space-time.

It should be noted that the choice of the scalar fields B and C' is closely related to
the geometrical background and to the type of (averaged) observations we are performing.
We may be interested, for instance, in sources lying on constant-redshift spheres if we want
to study the distance-redshift relation. In that case the natural choice is B = ktn,, which
specifies the redshift z of the emitted photons as measured by the free-falling observer (we
recall that 1+ z = (k#n,)/(k*n,),, where “0” denotes the observer position). The simplest
physical situation suggests the choice C' = A, corresponding to m, = n,. But other choices
for B and for C are also possible if we are interested in different types of measurements
and/or we are working in different physical contexts.

Given the above ingredients, we can now introduce a covariant prescription for averaging
a physical (scalar) observable § on the two-dimensional spacelike region ¥(Bs), defined by
the intersection of the source hypersurface B = B, with the given observer’s past light-cone,
V = V,. Starting with the covariant four-volume integral, and following the same procedure
already illustrated in [11] (but with a more general window function), we then define the

average

1(S, p, Vo, A, By, C)
I(]-a P, ‘/07 Aa Bsa C) ’

Sz, = (2.1)

'In the case of massive messenger, of course, we should consider a field V with timelike gradient.



where

I1(8,p,V,, A, Bs,C) = / d*r /=g Spn*V,0(V, - V)mtV,0(Bs — B)
My
OMADYV  9YCO,B
0a ADAIV? 050080 %
(2.2)

_ / d*z /=g Sps(V, — V)§(B; — B)
My

and where we have used the properties of the Heaviside step function © and of the Dirac
d-function.

Note that for p = 1 and A = B = C one exactly recovers the averaging prescrip-
tion adopted in [11] (see Sect. 3), which is covariant and also invariant under the general
reparametrization A — A(A,V) and V — V(A, V). The generalized prescription (2.2), on
the contrary, is covariant but invariant only under separate reparametrization of the different
scalar fields, A — A(A), B — B(B), C — C(C) and V — V(V). We shall consider and
discuss possible physical choices of C' and B in the following section.

Let us now consider a second (and different) covariant averaging prescription, motivated
by a — possibly more realistic — experimental situation where the physical location of the
sources is not exactly specified by the hypersurface B = By, but is characterized by a “spread”
of the variable B within a bin AB;, with AB; < R(B), where R(B) is the size of the whole

range of B. In that case we are led to define a new average for our observable S as

J(Sv P V;)a A7 st ABS)
J(1,p,Vo, A, Bs, AB;)’

(S)as, = (2.3)

where

J(S,p, Vi, A, Bo, AB,) = / Ao /=g SpnV O (Vy—V)O(Bs+ AB,—B)O(B—By). (2.4)
My

With such a new window function we are limiting the integration volume to a region

corresponding to a finite range of the scalar field B, namely to B; < B < Bs 4+ AB;. For

AB; < R(B), in particular, we can expand the step function ©(Bs + ABs; — B) and we
obtain, in the limit AB; — 0,

O(B — B,)O(B, + AB, — B) ~ AB,§(Bs — B) + O(AB?). (2.5)
The average integral (2.4) thus reduces to

A
J(S,p, Vs, A, Bs, AB,) = ABS/ d*z/—gSps(V, — V)é(Bs — B) 0" A0V

_ 2.6
M |00 AD> A|1/? (26)

Obviously, the constant factor A By drops out in the ratio defining the averaging prescription
(2.3), and we are lead to a final surface integral defined on the intersection between the
light-cone and the hypersurface B = B, exactly as before. As before, the integral (2.6) is

covariant and separately invariant under the scalar reparametrizations A — A(A), B — B(B)



and V — V (V). However, the surface integration of Eq. (2.6) is weighted by a factor which
is different in general from that of Eq. (2.2), and the two averaging prescriptions (2.1), (2.3)

may coincide, in general, only if the expression
0¥ Cd,B/ 0,00 C|"? (2.7)

factorizes out of the integrals, and thus simplifies in the ratio defining the averaging prescrip-
tion (2.1).

Some physical differences between the two averages (2.1) and (2.3) will be illustrated in
the following sections. We shall first concentrate on the geometric ingredients of the average
integrals putting everywhere p = 1, and we will discuss some possible interpretations of the
scalar fields B and C working in the context of the convenient Geodesic Light-Cone (GLC)
gauge [11] (see also [20] for a pedagogical introduction to the GLC coordinates). An example

of averages including a non-trivial scalar field p(z) will be finally illustrated in Sect. 5 of this

paper.

3 Averages on constant-redshift surfaces in the GLC gauge

From now on we shall consider sources localized on or between constant-redshift surfaces,
z = zs (with a possible spread controlled by a redshift bin Az < z). Hence, we have to select
a field B which can be directly associated with the redshift z of the observed sources.

In such a context we can conveniently use the so-called GLC coordinates z* = (1, w, 5‘1),
a = 1,2, where the most general cosmological metric can be parametrized in terms of the six

arbitrary function Y, U%, v = Y, and the line element takes the form [11]
sy = —2 dwdr + T2dw? + Y (d§“ - U“dw) (dé’b - Ubdw) . (3.1)
The corresponding inverse metric gé’jLC (that we report here for later use) is given by

S I VAT ¢
9o = —r-! 0 0 : (3.2)
_(Ua)T/T 6T ’}/ab

We recall that w is a null coordinate, that photons travel along geodesics with constant w

and 6%, and that 7 coincides with the time coordinate of the synchronous gauge [21]. In

the GLC gauge we can thus perform averages defined on the past light-cone of a free-falling

observer, according to the prescriptions of Sect. 2, by simply identifying [11] A = 7 and
V =w.

In that case we obtain n, = —d7, k, = 9w and (using the metric 3.1) n*k, = T

It follows that the redshift z of a signal received at the time 7,, and traveling along the

light-cone w = w,, is controlled by the ratio

T,
I —— .
2= (3.3)



where T, = Y (75, wo, 5‘1) and T = Y (7, w,, 5”) In the so-called “temporal gauge” of the GLC
coordinates [20], where 7, = w, and Y, = 1, we can thus relate the field B to the redshift
parameter z simply by choosing B = YT~! (similarly, when dealing with observational angles,
it would be useful to further specify the GLC gauge according to Ref. [22]). Finally, by
computing the determinant of the metric (3.1), we obtain /—g = T,/y where v = det 4,
and we can rewrite the integral prescription (2.2) as follows:
I(S, wo, T, 25, C) = y drdw d*0 /7 S §(wy — w)d(zs — z) MY, T (3.4)
4
where we have set p = 1, as anticipated. The vector field m#(C) is left unspecified for the
moment.
The integration on dr, on the other hand, can be transformed into an integral over the
redshift variable by using Eq. (3.3), which gives (recalling that both w and 0% are constant

along the relevant null geodesics)

T2
dr = —8TTdZ. (3'5)
Eq. (3.4) thus reduces to
~ vo,T
(S w020, C) = | &8 | 782 , (3.6)
s oY Wo,Zs

where ¥ is the two-dimensional surface determined by the intersection of the past light-cone
w = w, with the redshift sphere z = z,, and all the integrated functions are to be evaluated
at w = wy, z = z;.

We have still to specify C, in order to explicitly compute the vector field m, =
9,C/|9,Ca"C|Y/2. Let us consider here two motivated possibilities.

e A first possibility is C' = A = 7. In that case sources and observer evolve through the
embedding spacetime along flow lines generated by the same (timelike) tangent vector

field, m# = n# = —g/7 . Using the metric (3.2) the integral (3.6) thus becomes

o 27 l@wT E@CLT
I(S,w,, 25, T) _/2 d-6 [\Fys <1+ Tor + To.x )], . (3.7)

S

e A second possibility is C = B = 1+ 2. In that case the flow lines describing the
evolution of the constant-redshift hypersurfaces are generated by the gradients of the
redshift field itself, i.e. m# = 9T~/ \a,,r—lavr—l\l/2. The integral (3.6) becomes

- w L 0,00,Y)?
I(S,wo,zs,z)—/ 420 [ﬁs [9G1c — | , (3.8)
and, using the metric (3.2), it can be explicitly rewritten as
= 29,7  2U% 8, 0. T |"?
I(S,wp, 25, 2) = | d*6 S|14+ =22 a_ _ yabZd
(8, w0, 25, 2) / 4l ‘ Yar T v oxr Y @)y
(3.9



Clearly, the two averages corresponding to Egs. (3.7) and (3.9) are in general different
at the level of exact integral prescriptions; however, they both give the same result for a
perturbed cosmological metric, at the first perturbative order. In fact, by expanding the
small perturbations of the cosmological geometry around the zeroth-order (homogeneous,
isotropic) background, one finds non-vanishing contributions to 9,,Y, 9, and U only by
including perturbations to linear (or higher) order (see Sect. 4); on the contrary, 9, Y is non-
vanishing already on the background (see e.g. [11] for the explicit expression of the FLRW
metric in GLC coordinates). Hence, Egs. (3.7) and (3.9) lead, to first order, to the same

approximate integral (see also Sect. 4):

25 19,Y .
/zsd 6 [ﬁs (1 + To,7)),. . + (3.10)

It may be important to note, at this point, that if we are working at the first perturbative

order then the average integral of Eq. (2.2) is always independent on the field C, for any
possible choice of of the scalar fields A, B, C specifying our averaging prescription. In fact,
starting with the general form of Eq. (2.2) (with p = 1), and expanding as before the
geometry described by the metric (3.1), we obtain, to first order,

I(S,p,V,, A, By, C) = / d*z /=g Sn*V,0(V, — V)mh'V,0(Bs — B)
My

_ 25 _1owA 10,8 .
_/Esde[ﬁ8<1 Yoitvon)), .t (3.11)

where X g is now the two-dimensional surface where the given scalar field B takes constant

values. Such a first-order result holds quite independently of the choice of the scalar field C.
Eq.(3.10), in particular, is immediately recovered by identifying A with 7 and B with the
redshift parameter.

It is also interesting to compare the above results in Eqgs. (3.10) and (3.11) with the

much simpler surface integral

[ #8AS),,... (312)

s

obtained in the context of a similar prescription for light-cone averages, proposed in [11] and
studied in previous papers [21, 23-26]. The result (3.12) can be exactly reproduced (even
if B is not identified with the redshift parameter) within the more general approach of this
paper (i.e., starting from Eq. (2.2)) by choosing p =1, V =w and A = B = C. Indeed, in
that case, none of the additional terms depending on the gradients of T (and present in both
Egs. (3.7) and (3.9)) can be generated, and Eq. (2.2) immediately leads to the pure (and
invariant under general reparametrizations) surface integral (3.12).

Note that the Eq. (3.12) represents an exact, non-perturbative result once one assumes
A = B = (. On the contrary, in order to recover the same result at the first perturbative
order, the choice A = B is already enough (see Eq. (3.11)). See also Fig. 1 for a simple
graphical illustration of different possible choices of the averaging scalar fields A, B and C.



Figure 1. We consider a constant-time (black curve) and a constant-redshift (red curve) hypersurface.
The arrows represent the respective variation fields at a given time or redshift. When specifying an
averaging prescription, we have to choose from which hypersurface we are starting, and along which
field we are moving. The case B =1+ z, C = A = 7 discussed in this section (see Eq. (3.7)) refers
to constant-redshift hypersurfaces with a flow driven by time gradients (red curve and black arrows,
not shown in the picture). The case C = B =1+ z (see Eq. (3.9)) refers instead to constant-redshift
hypersurfaces connected by redshift gradients (red curve and red arrows). The black curve with
black arrows, on the contrary, represents constant-time hypersurfaces connected by time gradients,
ie. C=B=r.

In order to conclude this section, let us also present the explicit form assumed in the
GLC gauge by the integral (2.6), defining the light-cone average (2.3) for sources characterized
by an observational bin AB;.

When applying the prescription (2.6) there is no ambiguity due to the choice of the C'
field, and we can follow exactly the same procedure adopted for the integral (2.2). We thus
identify V =w, A =7, B="_"! and the integral (2.6) (with p = 1) becomes

~ T2
J(S,we, 25, Azg) = —Azs/ d?0 [\ﬁs ] : (3.13)
s 6TT Wo,Zs

Again the result in Eq. (3.13) is different in general from the former prescription (3.12), and
different as well from the generalized prescriptions (3.7) and (3.9).

To make contact with previous papers let us note that the above result (3.13), with the
weight p included and identified with the density ps of the sources, may exactly coincide (in
an appropriate limit) with the so-called number-count average used in [13, 19]. Consider in

particular the following integral measure [19]:

psAzdy

(1+2)H, di, (3.14)

where all quantities are evaluated on the past light-cone and at constant redshift zs (see
Egs. (2.11) and (2.12) of [19]). Here Az is the (small) finite bin of redshift data, ps is the
related volume density of sources, d 4 their angular distance and df2 the corresponding angular
integration measure. Finally, H)| is the local longitudinal expansion parameter defined in
general by Hj| = (14 2) ?kFk"V yu,, where k, is the (usual) photon momentum, and u,, the

local velocity of the matter sources.



Let us move now to the coordinates of the GLC gauge, where [25] d% d) = Nal d20 (see
also [27] for an explicit expression of the number-count in the GLC metric). Also, let us
consider the particular case in which the velocity field u,, appearing in the definition of H),

may be chosen to be the same as (or proportional to) the velocity n,, of our class of free-falling

observers. In that case, and in the GLC gauge where uy, = n, = —4] and k" = g"" we then
obtain, using Eq. (3.3):
1 0.7
Using as before the temporal gauge T, = 1, the expression (3.14) thus reduces to
~ T2
—d%0 [Az Ps\/Y ] , (3.16)
87- Wo,Zs

which clearly coincides with our averaging prescription (3.13), for any given observable S,
provided we include the additional weight factor ps (see Sect. 5 for an explicit numerical
example).

It should be stressed, finally, that all the new averages based on the integrals (3.7),
(3.9) and (3.13) may coincide with the old prescription of Ref. [11], based on Eq. (3.12),
only if we are working in a homogeneous and isotropic FLRW metric background, but for
a more general perturbed geometry they are all different, in principle, already at the first
perturbative order. Possible observable consequences of the differences among the various

averaging prescriptions will be illustrated in the following sections.

4 Comparing different averaging prescriptions

In this section we will compare the averaging prescriptions based on the integrals (3.10),
(3.12) and (3.13) in a cosmological geometry which includes scalar metric perturbations.
As will be explained below (see in particular the discussion following Eq. (4.9)), for the
computations to be performed in this paper, concerning the geometric contributions to the
integration measure appearing in the various averaging prescriptions, it will be enough to
limit ourselves to the first perturbative order. Assuming the absence of anisotropic stresses
we can parametrize the scalar perturbations with a single Bardeen potential v, so that the
linearly perturbed metric in the Poisson gauge, using polar angles (6, ¢) and conformal time

7, takes the form
dspg = a*(n) [= (1 +2¢) dp® + (1 = 24) (dr? + r?d6* + r? sin® §d¢?)] . (4.1)

For an explicit computation of the average integrals (3.10)—(3.13) we need to express the
perturbed geometry (4.1) in the GLG gauge. To this purpose, following [26], it is convenient
to introduce the coordinate system y* = (n,n7,0,¢), where n* = r + 7, so that the metric
(4.1) becomes

dshe = ghCdytdy” = a®(n) [~y di® + (1 — 29)(dy*® — 2dndn’*)
— (1 —=2¢) (n" —n)? (d6* + sin® 0d¢?)] . (4.2)

~10 -



Considering the coordinate transformation z# — y”(z) (where z# = (7,w,0%) are GLC

coordinates) we have o
gily) = 2000 gl (), (4.9
where ggﬂLC is the metric (3.2), while gi5, is the inverse of the metric tensor (4.2).

We have to compute, in particular, the three different integration measures appearing
in Egs. (3.10)-(3.13), including in the geometry (expressed in GLC form) all contributions
arising from the Bardeen potential ¢, up to first order. Following the procedure (and the
results) of previous papers (see in particular [26], where similar computations have been
performed by consistently including all second order perturbative contributions) we thus
expand the coordinate transformation as y#(z) = yﬁ)) —i—yé) +- -+, and linearize the perturbed
GLC metric by defining ¥ = YO 4+1® po = U(%)—i-U(“l), Vab = 7((12) +’Y$,)- The (unperturbed)
background quantities are given by (see e.g. [11, 26]):

1O = q(r), Ul =0, fyé?)) = a’r(r, w)?diag(1, sin? #"). (4.4)

Here 7(7,w) = w — () (7), and 7, corresponds to an early enough time when perturbations
were negligible.

The integral measure (3.12), in particular, is completely specified by the element of
proper area d’p = d2§\ det ’yab|1/ 2 whose explicit perturbed expression has already been
computed in [21, 23-25]. Hence, for the new averaging prescriptions of this paper, we only
need to take into account the corrections to the above measure as they appear under the two
integrals (3.10) and (3.13).

By exploiting the results of a detailed computations of the various components of Eq.
(4.3), presented in [26], we obtain in particular that the measure correction of Eq. (3.10) can

be written to first order as follows:

19, T 1 . .
(1—|—T87T>w025 = 1_U||8+7-Ts 8rv||5+07n¢s+28n1/)5+2/ns dn 0 (n,m0 — 1, 0%)

+0O(?), (4.5)

where the subscript s denotes that all the variables are evaluated at the source coordinates
Ns, Ts. Here H = a'/a (the prime denotes differentiation with respect to 1), and v, is the
so-called velocity perturbation (or Doppler term), projected along the (unperturbed) radial

direction connecting source and observer. This is given by

Ns
5 ) ) _ _/ d a(n) a
s s, N n Y(n,rs,0°). (4.6)
” Nin a(ns)

Following [26] (see also [18]) we have neglected in Eq. (4.5) perturbative contributions from

the peculiar velocity and from the gravitational (Bardeen) potential evaluated at the observer
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position. Indeed, the first type of terms can always be removed by going to the CMB frame.
The second type of terms is important to regularize the formal infrared divergence of super-
horizon fluctuations (as shown in [28] for the variance of the luminosity distance-redshift
relation). In this work this problem is avoided by imposing a physical infrared cutoff at the
horizon scale (see below, Eq. (4.24)), which leaves us with negligible contributions at the
observer positions.

Similarly, and with the same assumptions as before about the perturbative contributions
evaluated at the observer position, the measure correction of Eq. (3.13) can be written to

first order as follows:

L a; 1
<67-T>wo7zs = His |:1 —'I_ ws + His (87"0“8 —|— 87]w8) —

/ TNo
- (1 - Z;) <v||s + s + 2/ dn Oy (1,10 — 1, 9“))} +OW?). (47)

This last result is in perfect agreement with the evaluation independently performed in [27]
with a different approach. Note that the homogeneous term a?/H, multiplying the square
brackets in the above equation, factorizes out of the integral (3.13) and obviously drops
out in the ratio (2.3) defining the final averaging prescription. The physical differences
from the previous measure (4.5) are thus entirely due to the contribution of the first-order
perturbations.

We are now in the position of discussing the physical differences among the various

averaging procedures, induced by their different geometric ingredients.

4.1 Example: fractional corrections to the flux average

The averaging prescription (3.12) has been applied in previous papers [21, 24, 25] to estimate
the geometric backreaction due to metric perturbations, arising in the computation of the
averaged luminosity distance (dr)(z). Working with the associated observation variable,
namely the received flux ®(z) ~ dZQ(z), we have computed in previous papers [21, 25] the
ensemble (or statistical) average (denoted by an overbar) of the geometric light-cone average
(denoted by brackets) of the flux: namely, the quantity (®). Such results for the averaged
flux may also represent a starting point for the computation of the averaged fluz drift effect
(see e.g. [29]), which we are planning to study in a future paper.

Let us recall, in this respect, that by working in a more general geometric context
perturbed up to second order [21], by expanding the flux variable as ® ~ ®FLEW (1 4
60 4502 4 ... ), and using the “old” integral measure of Eq. (3.12), expanded as d?u ~
d2u(0)(1 +ou® +6u32 4. .. ), the result for @ can be written, to second perturbative order,

as follows

(@)(2) = "W 1+ fa(2)]. (4.8)
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q)FLRW

Here is the unperturbed value of ® computed in the FLRW metric background, and

the corresponding fractional correction fg(z) is given by [21]

fa(2) = (60@) + (5uMs@M)o — (5pD)o (30 W) (4.9)

where (---)o denotes standard angular average performed with respect to the unperturbed
measure d2u(?) of the FLRW geometry, and we have used the fact that ensemble averages
do not factorize, i.e. AB # A B. As clearly stressed by the above result, it turns out
that, even working at the second perturbative order, there are contributions to the fractional
correction fg from the second-order perturbations of the averaged variable, &), but not of
the integration measure [21] (namely, no contributions from 6u(?)). Hence, for the purpose
of this paper of comparing the possible physical differences due to different definitions of the
average integral, the perturbed results for the integration measures consistently computed
up to first order, and reported in Eqs. (4.5) and (4.7), will be enough (as we have anticipated
at the beginning of Sect. 4). See also Appendix A for more details on the ensemble average
procedure applied to a stochastic background of scalar perturbations.

The above result for fe(z), computed with the averaging prescription of Eq. (3.12), has
already been plotted in [24, 25] for a perturbed CDM and ACDM cosmological geometry,
including also the contributions of perturbations evaluated at the observer position®. Let us
now compute the same fractional correction, W — 1, in the same geometry, using
however for the light-cone average the two new prescriptions (2.1) and (2.3) proposed in this
paper, and specified in particular by the integration measures of Eqs. (3.10) and (3.13).

The perturbative expansion of the flux variable is the same as before, and the only dif-
ference is an additional, first-order contribution of the perturbed geometry to the generalized

integration measures, which now can be expanded as follows:
B~ P01+ 0pD + om0, (4.10)

where 5! is the same term appearing in Eq. (4.9), arising from the perturbations of the
measure (3.12). The new terms dm(!), coming from the first-order perturbations of the
modified measures, is given by our previous results (4.5) and (4.7). In particular, for the
averaging prescription (2.1) we have, from Eq. (4.5):

1
Hs

(1)

Tlo
5mE(BS) = —v)s + [&«UHS + Optps + 2005 + 2/ dn 8%1/1 (n,m0o — 7, 0”’)] . (4.11)

S

For the averaging prescription (2.3) we have, from Eq. (4.7):

1

5n?/gAl)Bs = 1/)8 + HS

/ No
(8rv||s + 877%) = <1 — H;) |:’U||S + s + 2/ dn Oy (1, M0 — n,ﬂa)} .
" (4.12)

2In this paper we will not include such contributions in the expression for fs(z), in order to be consistent
with the assumption made in Egs. (4.5) and (4.7).
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The new fractional corrections for the averaged flux variable, computed according to the
standard procedure illustrated in [21], but using the averaging prescriptions (3.10), (3.13) —
namely, using the generalized measure perturbations of Eq. (4.10) — can be finally expressed

as follows:
<(I)/<I)FLRW>E(BS) —1= f@(z) + bE(BS)(Z)7 (4.13)

for the light-cone average (3.10), and

(B/RFLIW) \p =1 = fo(2) + bas,(2), (4.14)

for the light-cone average (3.13). We have used for fg(z) the previous result given in Eq.
(4.9), and we have defined

by(m,) = <5m(1()38)5¢’(1))0 - <5mg()35)>0<5@(1)>0 , (4.15)
ban, = (Smip 60MW)g — (Fmiy )o(30W), (4.16)

using the measure perturbations dm™) of Eqgs. (4.11) and (4.12).

We are now in the position of comparing the different fractional corrections of Egs.
(4.9), (4.13) and (4.14), and to discuss their possible physical differences induced by the
different embedding in the external geometry of the various averaging prescriptions.

What we need, first of all, is the explicit expression of &), to be combined with
(El()BS) and (5m(Al}35 in the above average integrals. Following the general results already

reported in [23, 25], and including all first order contributions but dropping, as before, the

om

terms evaluated at the observer position, we can write 6®(1) as follows

Mo
[5(1)(1)]w = 2ks + 25, [vs + 2/ dn Oy(n,mo — 0, 0%) | +2 (1 + Ey) s
4 /77"
- dnib(n,mo —n,6%), 417
— ( ) (4.17)

where we have defined Z5 =1 — 5 L and we have introduced the so-called lensing term

s(Mo—ns)
Ks, defined by

o 1 1o d 77 - 775 A 9@
Rs = Ui 2¢(777 Mo — 1, )7 (418)
No — MNs Jn, To — 1

with A, the standard Laplacian operator on the unit 2-sphere, Ay = 92 +cot 6 9+ (sin 9)_283).

In order to compute the averaged expressions (4.15) and (4.16) we have now to express
the Bardeen potential as an integral in Fourier space over its spectral components ¢(n), so
that we can apply the ensemble-average conditions [21, 25] (see Appendix A), assuming that
our stochastic background of scalar perturbations is statistically homogeneous and isotropic.
We obtain in this way that (ks)o = 0 and W = 0. Limiting our computation to the
observationally relevant range of values 0 < z < 5, and including all terms which may give

dominant contributions in that redshift range, we find that we can neglect all those terms not
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containing at least two spacelike gradients (see Appendix A for more details on the relative
importance of the various terms induced by the perturbed geometry). The new geometric
contributions to the fractional correction (i.e. bs(s,) and bap,) can thus be analytically

expressed, to leading order, as follows:

2 — 2 _— 2

bE(Bs) = 7‘[75 <87“UH sks)o — 25 <Uﬁs>0 - 2<UH shs)o + ,His Es (O s I )0+ E<ar¢s Ks)0
2 ———— 2 —
ta (1+Es) (Orv) s ¥s)o — T (0rv) )0(V) s)o + 2 s (V) )5
%
_7'75 Zs <8rw8>0<vll )05 (4.19)

and

2 _ H. H ———
bap, = TR (Orv) skis)o — 2Es (1 - 7—[2) (v Jo — 2 (1 - 7—[3) (V) sks)o

2 _

2 -
7'75 (1 + :s) <arv|| s ¢s>0 - ,’,_Ts Zs

- H
+2 =, (1 — 7‘[2> <UHS>% . (4.20)

_|_

See Appendix A for the explicit form and a discussion of the other, non-vanishing but non-
leading, first-order contributions to byp,) and bap, which are not explicitly included into
the above equations. In the Appendix we also provide a single compact form to express both
Egs. (4.19) and (4.20).

All the averaged quantities appearing in the above equations are explicitly given in
Appendix A in terms of integrals performed over the (dimensionless) power spectrum of

scalar perturbations, Py (k,n), defined by

3 2
Path,n) = oo [k = | 20 Pt (4.21)

where the function g(n) controls the time evolution of the Bardeen potential as i (n,z) =
[9(77)/9(770)] 1/}0($).

The two results (4.19) and (4.20) are very similar. In particular — as anticipated in the
Introduction — it may be noted that the above contributions to the fractional correction of the
flux, induced by two different averaging procedures, are exactly identical (at least, at the first
perturbative order) provided we limit ourselves to considering the effects of redshift space
distortion, i.e. to considering only the contribution of those terms containing the average
of 0rv|,. In addition (as shown in Appendix A), all the averaged contributions of Eq.
(4.19) containing 9,1 (and apparently absent from Eq. (4.20)) can be replaced by similar
contributions expressed in terms of v|,, and also present in Eq. (4.20). However, as will be
shown in the Appendix where we compare the numerical plots of all leading contributions,
the effects of all the additional terms (besides redshift space distortion) present in Eqs. (4.19)

and (4.20) are also non-negligible (at least in the redshift range that we are considering).
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Figure 2. We plot the absolute value of the fractional correction fg is compared with the absolute
values of the geometric contributions by(p,) and bap, of Egs. (4.15) and (4.16), induced by the two
averaging prescriptions suggested in this paper. Dashed curves correspond to negative values, solid
curves to positive values. The plots have been numerically obtained for a ACDM model described by
the parameters of Eqs. (4.22)—(4.26).

As a consequence, there are significant differences (in both absolute value and sign, and
in an appropriate range of redshift) between the two results (4.19) and (4.20). In order to
display such differences, as well as the differences with the old result for fg, the absolute value
of the old and new contributions to the fractional correction of the flux has been numerically
computed and plotted as a function of z in Figs. 2 and 3. We have assumed, in particular,

a model of ACDM geometry with a spectrum of scalar perturbations parametrized as in Eq.

(4.21), where
E\™' 9 9(1o) 2 2 k
D= A2 il (" ), 4.22
Putlno) </<70> 25 [ goo] (13-41keq> (422

and where T'(k) is the so-called transfer function which takes into account the sub-horizon

evolution of modes re-entering the horizon during the radiation era. We have expressed T'(k)

in the Hu and Eisenstein [30] parametrization, given by:

Lo(q) 731
L = log(2 1.8 C =1424 —.

(4.23)

T = @ + ¢ Cola)

We have integrated over the spectral distribution of frequency modes using the following
infraredd (IR) and ultraviolet (UV) cutoff values:

kir =3 x 1074 hMpc™!, kuyv = 0.1 x hMpc ™. (4.24)

They roughly correspond to the present horizon scale and to the limiting scale of the linear
spectral regime, respectively. Finally, we have used for the function g(n) the standard ap-

proximated expression given in terms of the current values of the critical density parameters
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Qo and Qp (see e.g. [31]), namely

g(n)—§g o
277Ny + (14 ) (1+%)’

Qmo(1+ 2)3
Q= , 4.25
Qmo(l—l-Z)S—l-QAo ( )

where Q,, + Qr = Qo + Qa0 = 1, and where g is a normalization constant fixed in such
that g(n,) = 1. The numerical values of the parameters appearing in Eqgs. (4.22), (4.23) and

(4.25) have been chosen, according to recent cosmological observations [32], as follows:

A=22x1077, ns = 0.96, ko = 0.05Mpc ™!,
keq = 0.07 h? Qpno, h = 0.678, Qo = 0.315. (4.26)
S
g 103 ~~‘~~ i
[T} S
£
8 105+ — fo(2)
= — fo(2)+bs(8,)(2)
c
O o7l — fo(2)+bss,(2)
b
(8]
©
S
L
10-°

0.05 0.10

Figure 3. We plot the absolute value of the three fractional corrections to the averaged flux (®)(z)
defined by Eqgs. (4.8), (4.13) and (4.14), and associated, respectively, with the averaging prescriptions
(3.12), (3.10) and (3.13). Dashed curves correspond to negative values, solid curves to positive values.
The parameters of the considered ACDM model are specified in Eqgs. (4.22)—(4.26).

As shown in particular in Fig. 3, the differences among the three results for the fractional
correction computed with the different averaging prescriptions of this paper are rather small
at small redshift values (at least for the example of the flux variable that we have considered).
Such differences tend to be enhanced at higher redshifts, in particular around the redshift
window 2 S z S 3, where it is clear that there are different results for the average of the
flux variable. The numerical values of the fractional correction to the observed flux, however,

tend to be very small ( < 1075 — 107%) in that regime.

5 Including non-geometric weight factors in the averaging prescription

Let us finally provide an explicit example illustrating the possible role of a (non-trivial) non-
geometric field p(z), when included into the general averaging prescription according to Egs.
(2.1) and (2.3).
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We can think of such a situation as if we were working with a generalized integral
measure, d’y — pd?u. Hence, following the procedure of Sect. 4.1 and expanding p up to
first order, p ~ p(®) (1 + (5p(1)), we simply obtain a new contribution ng(z) to the fractional
correction of the flux, to be linearly added to Egs. (4.13) and (4.14) as

(O/PFLEWY o — 1 = fo(2) + bx(2) + na(z) , (5.1)

where we define

na(z) = (5p0 520, — (5pM)o(62M), | (5.2)

and we have used the symbol X to denote either the averaging prescription labelled by ¥(B;)
or the one labelled by AB, . Note that the contribution of p to the fractional correction,
when computed to the lowest perturbative order, is completely independent on which type
of prescription we are adopting for the geometric average.

We can now introduce a specific choice for the field p(z). Let us adopt here for p the
density of matter sources, as in [19, 27|, so that for the case of averages over a given redshift
bin Az we recover the average over the number density of the sources.

The first-order contributions to the perturbations of the matter density, in the geometry
described by the metric (4.1), are well known [33-35]: including all terms (but dropping, as

before, those evaluated at the observer position) we can write?
)

On the other hand, the linear fluctuations of the matter density, dp.,, are related as usual to

Mo
=35 + 3ths + (6pm)s + 6/ dn Oyp(n,no — 1, 0). (5.3)

Wo,Zs s

the Bardeen potential 1) by the Poisson-like equation, so that

2 V21,
(5pm)s - § %g 9

(5.4)

where V2 is the standard 3-dimensional Laplacian operator. By inserting the perturbations
(5.3) and (4.17) into the averages of Eq. (5.2) we can then apply exactly the same procedure
used in Sect. 4.1 to compute by p,) and bap,. Neglecting, as before, terms without at least
two spacelike gradients, as well as terms containing time derivatives and time integrals of the
Bardeen potential (see the Appendix), and using the identities (ks)p = 0, m =0,

we obtain

n<1><z) =06Z; <Uﬁs>0 +6 <UH sHs>0 +2 <6,0ms/fs>0 +2 (1 + Es) <5Pms ws>0
—6E <U|| s>% — 25, <5Pms>0<vll $)0- (5.5)

The relative importance of such a contribution with respect to the contributions fe(z)

and bx (z), already discussed in the previous section, is illustrated in Fig. 4. As shown by

3We have assumed in Eq. (5.3) an evolution-bias parameter be,o = —3, and a scale-dependent bias
bscate = 1 (see e.g. [33-35]). The parameter bscqre multiplies dpy,, while beyo multiplies all the other terms of
Eq. (5.3). See also [35] for the possible impact of other systematics.
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Figure 4. We plot the absolute value of the fractional corrections to the flux obtained by including
the matter density as a non-geometric weight factor in the average integrals. The various possible
components are defined in Eq. (5.1). Dashed curves correspond to negative values, solid curves to

positive values. The numerical parameters used for the plots are those specified in Eqgs. (4.22)—(4.26).

the picture when compared with Fig. 3, including the matter density as physical weight
factor in the geometric averaging prescriptions seems to have relevant effects only at large
enough redshifts, z 2, 1. In that regime, the presence of the weight p seems to “compensate”
the geometric contributions of the new averages proposed in this paper, in such a way as to
approach the result f computed with our original proposal of light-cone average [11].

A similar integral prescription for averaging the flux in the small redshift-bin limit, with
the matter density p as non geometrical weight factor, has been presented also in [19] (see
also the discussion of Sect. 3). The numerical results, however, are different, for two reasons.
First of all we have included here the contribution of all interference terms (like the last two
in Eq. (4.20) and the last one in Eq. (5.2)), which have been not taken into account in [19].
Second, the matter fluctuations have been evaluated here through the Poisson equation (5.4),
whereas in [19] they have been approximated by using a different method, which may lead
to a numerical underestimation of the related effects, thus possibly explaining the differences
between our results and the ones plotted in [19] at higher redshifts?.

As a final remark, we emphasize that the different prescriptions we have proposed can be
tested by numerical N-body codes such as gevolution [2]. In particular, among all the possible
choices of S as a power of the luminosity distance dr,, only the average of flux (namely dZQ)
is maximally sensitive in the redshift range z 2 0.1 to the measure adopted in the average
(see also [25, 26]). This is because the averages we have proposed contain a /7 (which is
nothing but d%) in the measure. Therefore, the dominant lensing corrections cancel in the

second-order expression of the flux [24-26] making this case more sensitive to the adopted

4We thank Pierre Fleury for discussions about this point.
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prescription. Interestingly, the recent results from gevolution do average different power laws
of the luminosity distance (see Fig. 1 of [1]). Unfortunately, the plot shown there for d;*

does not look precise enough for a precise comparison with our analytical results.

6 Conclusion

In this paper we have presented and formally defined two general and covariant averaging
prescriptions, adapted to cosmological observations based on light-like signals.

The first prescription applies to sources exactly localized on a given space-like hyper-
surface, and may describe a general physical situation where the flow lines along which we
consider the variation of the average integral do not necessarily coincide with the world lines
of the chosen observers. Also, the location of the sources does not necessarily coincide with
the hypersurfaces normal to the observer world line. The second prescription applies to
sources whose localization is controlled by the physical “spread” of a given observational
variable, and can in general be confined within a thin space-time layer bounded by two very
close hypersurfaces. We have explicitly written the two different average integrals for sources
located on, or between, constant redshift surfaces, and for a general cosmological geometry
conveniently described by an exact metric in the GLC gauge.

In order to illustrate the possible differences among the two types of averaging we have
discussed an (important) physical example. We have computed the ensemble average of the
geometric light-cone average of the received radiation flux, @, as a function of the redshift
of the emitting sources. We have adopted a simple model of ACDM geometry including
scalar metric perturbations to the leading, non trivial order, without anisotropic stresses.
In that case, the corresponding fractional corrections (namely, the differences between the
averaged results for @ and the value ® of the flux computed in the homogeneous FLRW
background geometry) are fully controlled by the Bardeen potential v, its gradients and its
time integrals.

Including all leading contributions we have found that there are important differences
already to the first perturbative order among the two averaging prescriptions, due to the
different inclusion of the geometry into the integration measures. Such differences are ana-
lytically controlled by the factor I'yx, (see the Appendix, in particular Eq. (A.15)), which
directly depends on the background geometry. From the numerical point of view it can be
shown, by plotting the ratio of the results provided by the two averaging prescriptions, that
such differences — at least for the examples considered in this paper — are of the order of ten
percent or more in a large range of redshift values, while they tend to disappear in the limit
of very small redshifts (z < 0.1).

We have also numerically evaluated the possible impact of including into the average
prescriptions, as a physical non-geometric weight factor, the total density p of the matter
sources. By computing again the fractional corrections of the received flux we have found

that the presence of p seems to have relevant effects (as before) only at large enough redshift
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values, z 2, 1: in that regime, it seems to compensate the effects of the contributions arising
from the perturbations of the geometric part of the integration measure (see Fig. 4). Fi-
nally, we have discussed the differences between the numerical results obtained in this paper
by including p into the average integral, and previous results obtained with an equivalent
averaging procedure, but applied with different approximation methods [19].

In conclusion, we believe that the appropriate choice and the correct application of a
well-posed averaging prescription is in principle of crucial importance for the correct compar-
ison of theoretical cosmological models with increasingly precise current (and forthcoming)

observational data.
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A Appendix. Light-cone and ensemble averages of the flux perturbations

Let us consider a stochastic background of metric perturbations, described by the scalar field
¥(x). Assuming that the perturbations are statistically homogeneous and isotropic, ¥ can

be decomposed in Fourier space as

" 1 > ik
W) = s [ R EE e, (A1)

where the mode t(n) is only dependent on k = |k|, and E(k) is a unit random variable

satisfying E*(k) = E(—k) as well as the following ensemble-average conditions:

E(}) =0, E(R)EGF) =6 (E + E) . (A.2)
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We can then decompose the space like gradients of v, appearing in Eqgs. (4.11), (4.12) and
(4.17), as follows (see also [21, 25]):

1 .
&wmjn:(%ﬂwa/kawW%(Mkwﬁ%mk

B0 ) = sy [ AREE ) ikeos) 4

Agtp (n, %) = —(2;)3/2/d3kE(E)1/1k (n) (k:27“2 sin?0 + 2i kr cos@) ik

V0 T) = — s [ AR EE ) e, (A.3)

(2m)
where we have called 0 the angle between k and 7.

The above derivative terms can now be inserted into the averages of Eqs. (4.15) and
(4.16), following the same computational procedure already used in [21, 25]. Using the con-
ditions (A.2), and noting that the unperturbed light-cone average (- - - )¢ simply corresponds,
in our case, to the (normalized) angular integration over the unit homogeneous 2-sphere cen-
tered on the observer position (with measure (sinf dfd¢)/4m), we then find that (ks)o = 0
and that W = 0. It turns out, in particular, that all leading contributions appear-

ing in Eqgs. (4.19) and (4.20) can be expressed in terms of the following quadratic averaged

expressions:
_ L T a(n) (' —ns) g(n)g(n')
<UHSHS>O S 2 /mn an /S n @(775) Mo — Ts 92(770)

< [ EPuEn) B [0 =) T )+ L Th0f )| (A5)

e () - dk

BT = 5 [ e | &P

<[ =) Zutht =) + 2 Tath0 - )] (A6
S a 2
Grapadotiro = = ([ an SIIN P Ta(k 0 — 1okl ~ 7.)
(A7)
S a 2

o = ([ an 280 ]Sy ) 1 20— 2. (45)
Gropeieda = 55 [ SO [ Py, (A.9)
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where we have defined

sinzx CcoS T sinx sinx CcosS ¥ sinz
7 =12 —12 —4 7 =4 —4 -2
2(2) xt 3 x2 3(7) a3 2 xz
sinx CcoS T sinz CcoS T sinx cosx
Z: =12 — 12 —6 Z = —
5(@) xt x3 22 + x 6(7) 22 x
sinx CcoS T sinx CcosS T
7. =48 — 48 —20 4 . A.10
1(7) xd x4 x3 + x2 ( )

Similarly, the leading contributions appearing in Eq. (5.5), and not included in the above

equations, can be written explicitly as follows:

2
<5pms Ql)s>0 = _%}[2 <§EZZ;> /dkka P\P(k77]0)7 (A'll)
B olon o = oz S [ SO [ RSPy ) o — 1) ok~ 7.)
s 0) Jnin s o
(A.12)
— 4 "o s dk
Borards = gz [ an® o [ K Pat ) Tolkto ), (A13)

where jg is the spherical Bessel function.

It should be noted that in the above equations we have not included terms with the
explicit averages of 0,1, (in spite of the fact that such derivatives clearly contribute to the
measure perturbations of Eq. (4.11), and that they also appear among the leading terms of
Eq. (4.19)). Interestingly enough, the reason is that all the light-cone and ensemble averages
of 9,15 can be expressed in terms of average integrals involving v ,. For any operator X; we

have indeed, according to our definition (4.6),

/”S PREIUIC) yl _ (A14)

<arwsXs>0 =& <U||5‘XS>0’ &= I: Q(T] )9(77 )
Min s s

The same occurs for terms like (0,15)0(Xs)o. Thanks to Eq. (A.14), Egs. (4.19) and (4.20)

can be written in identical form as follows

2 -
bx, = eTR <8T’UHSI{S>0 —2E, (1-Ty%,) <Uﬁs>0 —2(1-Tx,) <UH5’QS>O
2 NT—————— 2 —
+ 7‘[75 (1 + :.5) <ar1)|| s ¢s>0 — E s <ar1)|| s>0<1)|| s>0 +2 P (1 - FXS) <2}|| s>g s (A15)

where X can be either AB; or X(B;), and where we obtain, correspondingly, Tap, = H./H?
and I'y(p,) = &s /Hs. It may be interesting to consider the behaviour of I'x_ at high enough
redshifts, when the Universe is in the phase of matter domination with g = constant and
a ~ n?. In that regime we have 'ap, = —1/2 whereas Is(p,) = 3/2, and we find that it is just
the different value of these coefficients which almost entirely controls the different behavior
of the two average prescriptions in the redshift range corresponding to matter domination.
The same is true if we include the density of the matter sources in the average integrals,

because its contribution is independent of the coefficient I'x_.
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Figure 5. We compare absolute value and sign of the six different types of term contributing to bsp.,)
as written in the form of Eq. (A.15). Each contribute is plotted by including the exact z-dependent
coefficient controlling the relative weight of the averaged objects with respect to the other averages.

Dashed curves correspond to negative values, solid curves to positive values.

Using Eqgs. (A.4)—(A.14) of this Appendix, the results for the new geometric averaged
contributions to the fractional corrections of the flux can be written as in Eqgs. (4.19),
(4.20) and (5.5). The single contributions of the six different types of term present in Egs.
(4.19), (4.20) and (5.5) are explicitly illustrated (both in absolute value and sign, and for the
whole redshift range z < 5) in Figs. 5, 6 and 7, respectively. The sum of all contributions
clearly reproduces, respectively, the behaviour of byp,) and bap, reported in Fig. 2, and the
behavior of ng(z) reported in Fig. 4.

We have explicitly computed also the non-leading contributions to Eqgs. (4.15), (4.16)
and (5.2), and arising, in particular, from the average of terms containing the Bardeen
potential 1, its time derivatives and its time integrals. Such terms are indeed present in the
first-order perturbations of the integration measure, of the flux, and of the matter density
(see Egs. (4.11), (4.12), (4.17) and (5.2)).

Let us first consider the quadratic averages of these terms coupled to the lensing effect

described by the function k4(z). Since (kg)g = 0 all averages of the form (ks)o(Xs)o are
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Figure 6. We compare absolute value and sign of the six different types of term contributing to ba g,
as written in Eq. (A.15). Each contribution is plotted by including the exact z-dependent coefficient
controlling the relative weight of the averaged objects with respect to the other averages. Dashed

curves correspond to negative values, solid curves to positive values.

vanishing (for any X'), and we are left with the following possible contributions:

(oo = =2 [ an PR [ R kpy o) Talkn ~ o).
UE o

(raOytia)o = —2 /n " dng(g")fni)) O Py (ko) To(k(n — m0)),

k
Mo
(1 / dns)o =

Ms

/’7" dn, g(mg(mz) (n —ns) (Mo — M)

L /no i
[ 5 P h ) Tkl — )
[

/ 77 /(773@) (77 - 778) (770 - 773:)
%Mo) (1 —=12) (Mo — M)

< [ R Puliono) Tkt~ n.),

7o (7] ) (1= 1s) (Mo — M)
<I€S /ns dn a%¢s> / / dne ) (77 - 77:]0) (770 - ns)

/ O e Py (ks 10) To k(0 — 1a)), (A.16)

We have numerically integrated and plotted the contributions of these terms to the
fractional correction of the flux, in the redshift range z < 5, and we have explicitly checked

that (in spite of the presence of two spacelike derivatives) they are always negligible with
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Figure 7. We compare absolute value and sign of the six different types of term contributing to ng
(Eq. (5.5)). Each contribute is plotted by including the exact z-dependent coefficient controlling the
relative weight of the averaged objects with respect to the other averages. Dashed curves correspond

to negative values, solid curves to positive values.

respect to the leading contributions reported in Eqgs. (4.19), (4.20) and (5.5). In particular,
the maximal amplitude of their contribution is bounded by the condition < 1078, in the
whole range of z we have considered. This is not because of the coefficients controlling the
relative weight of the various averaged terms, but because of the k-modulation of the average
integrals due to the presence of the function Zg, which is nothing but the spherical Bessel
function j;.

In the same way, the quadratic averages of the Bardeen potential coupled to the “redshift
space distortion”, d,v|,, could produce, in addition to the leading term m already
included into Egs. (4.19), (4.20) and (5.5), also other terms like:

" L g(ne) [T a(n) g(n) [dk -
O n dmblo = 2/5 dnzg(m) /mn dna(ns)g(%)/ - K Pu(kn0) s (k (12 = ns))

T g (ne) (M aln) gln) [dk , B
/775 dny 9(770> /mn dna(ns) 9(770) / 2 k P\Il(ku 770)13 (k (7735 775)) .
(A.17)

NN

Mo
@U/ dn Oph)o =

s

But, as before, an explicit computation shows that their contribution to the fractional correc-
tion of the flux is always subleading in the range z < 5, being suppressed by the modulation
of the k integrals induced by the function Z3z(k).

Differently from the lensing case, the contribution of terms like m, where
X contains the potential ¢ and its time integrals, is not identically vaninsing. However, we
have numerically checked that their amplitude is low, and their contribution to the fractional

corrections is never comparable with those of the leading terms, The same is even more true
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for all other possible quadratic averaged terms which contain less than two spatial derivatives,

and that we have not even reported in this Appendix.
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