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Abstract. The large scale structure bispectrum in the squeezed limit couples large with
small scales. Since relativity is important at large scales and non-linear loop corrections
are important at small scales, the proper calculation of the observed bispectrum in this
limit requires a non-linear relativistic calculation. We compute the matter bispectrum in
general relativity in the weak field approximation. The calculation is as involved as existing
second-order results. We find several differences with the Newtonian calculation such as the
non-cancellation of IR divergences, the need to renormalize the background, and the fact that
initial conditions must be set at second order in perturbation theory. For the bispectrum,
we find relativistic corrections to be as large as the newtonian result in the squeezed limit.
In that limit relativistic one-loop contributions, which we compute for the first time, can
be as large as tree level results and have the same 1/k% dependence as a primordial local
non-Gaussianity signal where k is the momentum approaching zero. Moreover, we find the
time dependence of the relativistic corrections to the bispectrum to be the same as that of a
primordial non-Gaussianity signal.
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1 Introduction

There are powerful soft theorems that fix the squeezed limit of the three-point correlation
function produced in single-field inflation [1-5]. An observation of a deviation from this
behavior, called consistency relations, would be proof of the presence of one or more light
fields active during inflation (with masses m < H, where H is the Hubble parameter defined
after equation (2.1)). This limit is also sensitive to the spin of those fields [6]. Physically,
these relations stem from the fact that a long-wavelength gravitational potential is locally
unobservable if the evolution of the universe can be described by a single degree of freedom.
The assumptions behind these theorems also hold in the late universe [7-9], and thus fix the
squeezed limit of galaxy correlation functions. This makes these results robust against pos-
sible astrophysical effects that may contaminate the primordial signal. Other configurations
of the primordial three-point function are not so robust, as they are degenerate with the
non-linear gravitational evolution of matter and galaxies [10].

The Planck satellite has already put bounds on these correlation functions [11], where
the “local non-Gaussianity” parameter has been constrained to be fll\%f = 2.54+5.7 at the 68%
confidence level. However, these bounds are still far from the physically interesting region

lo¢ ~ 1 [12], which could be probed by galaxy surveys in the near future (see e.g. [13, 14]
for recent analyses). Interesting constraints have already been obtained using the so-called
scale-dependent bias [15-17], which measures the effect of a long-wavelength gravitational
potential ¢ ~ §/k? on the number of halos formed. Though easier to compute and measure,
this observable has limited information. For example, it is not sensitive to the spin of the
field inducing the deviation from the consistency relation, since it is intrinsically an averaged
quantity. The galaxy bispectrum is harder to measure and compute but contains many more
modes and looses no angular information.

Our purpose is to take steps towards predicting the observed galaxy bispectrum if a
single light scalar field was active during inflation. In this case there can be no physical
correlation between long and short modes induced by astrophysical dynamics. However,
there can be “projection effects”, meaning geometrical effects introduced for example by the
change in physical volume due to perturbations, or the deviation of the path of a photon
from a galaxy to the telescope. Though these effects are irrelevant for current constraints
on primordial non-Gaussianity [18], if future constraints achieve o, ~ 1, these projection
effects are expected to be degenerate with the primordial signal, as has been computed for
the scale-dependent bias [19-22].

For the bispectrum, these effects will come from non-linear geometrical effects and
photon propagation, and in a given gauge will be present in the dynamical equations. One
may naively think that these relativistic non-linear projection effects are very suppressed
since non-linearities are important at small scales while relativistic projection effects are
important at large scales where the universe is linear. However, the bispectrum couples
scales, and one expects most of the signal in the squeezed limit will come from the coupling
of a large scale with small non-linear scales. It is thus crucial to perform a calculation which
is both non-linear and relativistic.

To develop a physical intuition of our results, we will now make a rough estimate of
how large these effects can be. At linear order, the typical relativistic (projection) effect goes
as ~ ¢, where ¢ is the gravitational potential. At non-linear order, one of the relativistic
corrections can go as ~ ¢d; where J; is the linear density contrast. We thus write schematically

Oobs ~ 0 + ap + F20? + FRoo + ...,



where we have ignored several terms of the same order as the one we considered for the sake
of brevity (though we include them in the full calculation). Here, ¢ is of order 107° at all
scales, while §; ~ V2¢/H? can be larger than 1 at small enough scales. Let us now write
down the bispectrum induced in the squeezed limit (¢ < k) and ignoring the Dirac delta
from momentum conservation
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F5 and FQR are kernels that depend only of space. Their definition will be given later (equa-
tion (3.10)). Here we have ignored a term proportional to H?2/k? which is very suppressed
if the short scales are deep inside the horizon, and taken the long mode to be linear. We
learn from this schematic result that relativistic effects have the same dependence on the
long mode momentum ¢ and the same time dependence as a primordial breaking of the con-
sistency relation (e.g. local non-Gaussianity), and are thus expected to be degenerate with
them. Moreover, the non-linear relativistic correction to the short wavelength modes is as
important as the linear relativistic correction to the long wavelength mode. This is true even
at loop order. To see it, let us go one order higher in our schematic expansion

Sobs D F307 + Ffto+ ... .

One of the one-loop contributions to the bispectrum in the squeezed limit thus goes as
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We see here that, when loop corrections to the short modes are important, the non-linear
relativistic corrections to the short scales are in principle of the same order as the linear rela-
tivistic correction to the long mode, and potentially degenerate with a primordial signal. This
is especially important in light of the effective theory (EFT) of large scale structure [23-25],
since the proper renormalization of these loop corrections will induce relativistic corrections to
the EFT counter-terms that are important when the short modes are of order k ~ 0.1 Mpc ™.

Several groups have already computed the galaxy bispectrum in relativistic perturba-
tion theory [26-34], and conclude that these effects are degenerate with fi&¢ ~ 1 [35]. In
particular, the impact of general relativity on the dynamics of dark matter was investigated
in [36-38]. Second order analyses are valid when all scales involved are large, such that the
tree level bispectrum is enough. However, in order to exploit all the information contained
in the bispectrum, it is necessary to push this calculation to smaller scales (for the short
modes). Reference [39] attempted to go in that direction by using consistency relation argu-
ments which, however, are only strictly valid when the long mode is outside of the horizon.
Since there are very few modes outside of the horizon even for the cosmic microwave back-
ground (CMB), a more complete computation is needed. In order to compute the one-loop
bispectrum, one needs to perform perturbation theory up to the fourth order. That may
seem like an insurmountable task in general relativity (GR). However, we can use the fact
that the metric is close to a Friedmann Lemaitre Robertson Walker (FLRW) solution even
at small scales and (root mean squared) velocities are small

H? -5 i B -3



In this paper we work to next-to-leading order in H/k, an approximation called “weak field
approximation” [40-43]. As a first step, we compute the dynamical equations in GR in perfect
matter domination. The inclusion of radiation and a cosmological constant is straightforward
though lengthy, and we will address it in a future work. We will also consider the propagation
of photons in the near future.

There are already numerical simulations that incorporate relativistic effects [44-49].
In order to facilitate the fit to and comparison with the most advanced research program:
gevolution [48], we perform our calculations in Poisson gauge. On the other hand, what we
observe are galaxies and not the dark matter density field. The connection between the two,
called biasing, encodes how local dynamics depends on long-wavelength perturbations. One
thus expects that this biasing should be described at the trajectory of each galaxy, and is
thus more easily computed by using a gauge in which constant time hyper surfaces are fixed
by the clocks of observers moving with the fluid, that is in a synchronous gauge, which in
matter domination this corresponds at all orders to the comoving gauge that has been used in
previous perturbation theory literature. Our results are gauge-dependent: they do not (yet)
correspond to actual observables. When, in a follow-up work, we account for the propagation
of photons from galaxies to the telescope, the final result should be gauge-independent, but
the distinction between a geometric effect on the photon propagation and a dynamical effect
on the local dark matter density (or the number density of galaxies) depends on the gauge
being used.

Our paper is organized as follows: in section 2 we take the weak field approximation
in general relativity and write the equations of motion to arbitrarily non-linear order in the
density contrast, but perturbative in the velocitiy and gravitational potential. In section 3 we
solve these equations within perturbation theory taking the density contrast to be small, but
still larger than velocities and the gravitational potential. In section 4 we present our results
for the power spectrum and bispectrum of the density contrast to one-loop obtained from this
calculation. For the bispectrum, we find that one-loop relativistic corrections are important
in the squeezed limit and potentially degenerate with a primordial non-Gaussianity signal of
the local type. On the other hand, the relativistic corrections to the density contrast power
spectrum are negligible as expected. In section 5 we remark on the infrared (IR) behavior of
the resulting loop integrals, which is markedly different from the Newtonian case. We also
comment briefly on the ultraviolet (UV) behavior of said integrals. Finally, we conclude in
section 6 and discuss how further steps can be taken in order to compute the observed galaxy
bispectrum to one-loop in general relativity. In the appendices we present several explicit
derivations that would make the main text too cumbersome.

2 Einstein and fluid equations in the weak field approximation
Our starting point is the line element of a perturbed FLRW metric
ds? = —(1 + 2¢)dt* + 2w;dx'dt + a(t)® [(1 — 2¢)d;; + hyj] da'da? (2.1)

where @ is the background scale factor,! ¢ is the cosmic time, and z* are Cartesian comoving
coordinates.? A dot denotes a derivative with respect to the cosmic time and H = 2. By

!See an insightful discussion on the physical relevance of the scale factor in this context in ref. [50].

2 As usual, Greek letters (e.g. p, v, a) represent space-time indices that run from 0 to 3, while latin letters
(e.g. 1,7, k) represent spatial indices that run from 1 to 3. Latin indices are written arbitrary up or down as,
within our approximation, they differ only by powers of a(t), which are always written down explicitly.



definition, h;; is traceless, and we separate w; into a longitudinal and a transverse part
wi =0w+w;, Ow;=0. (2.2)

The matter content of the universe is assumed to be pressureless, barotropic and irrotational.
We approximate the contents of the universe as a fluid, which is no longer a valid approxima-
tion at small scales where shell crossing takes place. We perform our calculation in a matter
dominated universe. We will include the effects of radiation and a cosmological constant in
the future. The so-called Einstein-de Sitter (EdS) approximation is often generalized to more
fluids or a different Poisson equation, by using the kernels obtained in EdS but deriving the
new time dependence of the solution due to the presence of new degrees of freedom. This
has been shown to be a reasonable approximation in the case of the power spectrum [51, 52]
in the Newtonian limit, but its validity for the bispectrum or its impact on relativistic effects
has, to our knowledge, not been studied. We thus take the stress-energy tensor to be

Ty = p(1+ S)uyu, , (2.3)

where p is the background density, ¢ is the matter density contrast and wu, is the matter
4-velocity. In order to describe the dark matter fluid, we will follow the approach of [53]
(section 2), summarized in appendix A. Since the fluid is barotropic and irrotational, it can
be described by a single scalar potential ¢. Being irrotational, the 4-velocity of the fluid is
defined to be hypersurface-orthogonal, namely orthogonal to the constant-¢ hypersurfaces,
and given by
Oup

v Oupdte’
where we take the scalar potential to be ¢ = t+U. We will work with the spatial component
of the 4-velocity u;. Note that it is not necessary curl-free as it is not possible to write it
as a derivative of a potential because of its normalization (even if the 3-velocity v; = 9;U is
irrotational in the usual sense, see appendix A).? Note that in the Newtonian limit v; ~ w;
since the normalization is close to unity.

The continuity and Euler equations that describe the evolution of the matter fluid follow
from the conservation of this stress-energy tensor, and are

= (2.4)

V(1 + 8y = 0, (2.5)
u'Vyu” =0. (2.6)

In the presence of radiation there will be an additional pressure force.

We will work under the “weak-field approximation” [40-43]. The physical reason behind
it is the fact that the metric is expected to be close to the unperturbed FLRW metric even
at very non-linear scales. Indeed, even in very non-linear scales such as the Solar System,
relativistic effects are highly suppressed, and typical peculiar velocities of galaxies and stars
are much smaller than the speed of light. This approximation breaks down when the gravita-
tional field becomes strong, such as close to the horizon of a black hole, but that is far beyond
the realm of applicability of our calculation. In order to refine our approximations further,

3We will see that the transverse part of u;, though non-zero, satisfies equations which don’t contain time
derivatives (see equations (B.16), (B.27) and (2.18)), and are thus fixed in terms of the scalar quantities which
are our dynamical degrees of freedom, as expected from the fact that the fluid velocity can be described by a
scalar field.



let us estimate the size of the quantities involved by using their Newtonian expressions, which
are a good approximation on small scales, and we will see that they follow from the Einstein
and fluid equations at short distances. Thus, we write the Poisson equation and the linear
expression for the fluid velocity
KL
aH "
For scales of the size of the horizon k ~ aH, the density contrast is a small perturbation
§ ~ ¢ ~ O(107°). On scales deep inside the horizon aH/k ~ O(1073) the density contrast
can be order § ~ O(1) while peculiar velocities are typically of the order v* ~ O(1073). We
see then that ¢ ~ O(107°) on all scales, while derivatives on small scales can be of order
k/aH ~ O(103). Since our interest is in describing these small scales, we will take spatial
derivatives to be large, and we write e = (aH/0)? < 1 or in Fourier space € = (aH/k)? < 1
depending on the context. It is this same parameter that suppresses relativistic corrections
with respect to Newtonian dynamics (that is, suppresses ¢ with respect to §). Following this
logic, in this section we perform a perturbative expansion in ¢ while keeping all orders in §
which can, in principle, be O(1). In section 3, we will solve the fully non-linear equations
obtained here by using standard perturbation theory; that is, we take § to be small but still
larger than velocities or the gravitational potential.

Let us note that, by assuming spatial derivatives to be large, we are excluding the
possibility that aH/k ~ 1, which happens on scales of the size of the horizon. These scales
are important since they are already being probed by galaxy surveys. However, relativistic
effects on those scales have already been studied by several groups [26-34], and it is trivial to
write an expression that encompasses all scales: one needs simply add to our calculation those
second order terms which have less spatial derivatives than ours. Let us stress that for the
specific goal of computing the squeezed limit bispectrum, it is crucial to have an expression for
the small scale non-linearities in general relativity, as explained in the introduction, though
only the leading corrections in aH/k are expected to be important.

We perform our calculation in two different gauges. We will discuss each gauge and the
resulting equations separately in the following subsections. We sum up our approximation
scheme in table 1, where we list the different metric and matter quantities for the two gauges
under consideration.

Vi = %CEH%, vt = (2.7)

2.1 Poisson gauge

For comparison with existing literature (including similar calculations performed for the
CMB, see for example [54, 55]), we use the Poisson gauge, defined at all orders by the con-
ditions
§99;w; = 6 hij = 67 Okhy; =0, (2.8)

where §% is the Kronecker delta. In the notation of equation (2.2), this means that w = 0.
We take the metric perturbations to be ¢ ~ ¥ ~ O(e) as discussed above. On the other
hand, we take h;; = O(e?) and w; = O(e%/?), since they will be sourced only at that order
(see equations (2.12) and (2.14) below).

Let us begin by writing the Euler and continuity equations coming from the conservation
of the stress-energy tensor. In this gauge, and in the weak-field approximation, the 4-velocity
field for the perturbed dark matter fluid is given by

a’u?

ut = <1 — ¢+ +0 (€% u> : (2.9)



variable | order in Poisson gauge | order in comoving gauge

0/ H O(e~1/2) O(e71/?)

o/ H o(1) o(1)
¢ O(e) O(e)
¥ O(e) O(c)
X O(e?) —
wj O(e3/?) O(e3/?)
w — O(e)
hij O(e?) O(e?)
0 O(1) O(1)
u’ O('/?) O('/?)
uly O(e3/?) O(e3/?)

Table 1. Approximation scheme for the different quantities defined in section 2.1 and 2.2. € represents
the relativistic order and is defined as € = (aH/9)? or in Fourier space € = (aH/k)?.

where u? = §;;u‘u/, and u’ is obtained from eq. (2.4) using (2.1). Note in particular that at
order €¥/2, the velocity admits a transverse part, we will give an expression for it and detail
how to obtain it in appendix C.

Using this expression for the velocity, and expanding equation (2.5), we find

§+0; [(146)u] =6 <¢— “22“2> —(1406)0 (“22“2> +3(1+6)é
+2¢,;(1 4 0)u’ + O (€%,

where we have used the background equation p+3Hp = 0, and set ¢ — 1) ~ O(a*H*/k*) (for
proof, see appendix B). Expanding equation (2.6), and taking its divergence, one finds

(2.10)

. . . . 2
87;111 + 2H81u1 + 87;(U]8j’u,l) + Lf =

2,2 2,2
0y [<—¢> + “2“> il 42 (“2“ H-Hp- <i>) Ul +2(¢u” — Uj(ﬁ,jui)} +0O () . (211)

In order to obtain the equation for w?, let us define a transverse projector Pij.4 Applying it
to equation (2.6), one obtains

1. a? . a?u? -k au? . k
Wi = — Py [4(0%,3' —wjg)u’ + <—¢+ 2) " +2 (2H —Hop— ¢> u }
Lo (o). (212)

As promised, the source for w; is seen to be of order O(e%/2), such that if w; vanishes in the
initial conditions, then w; ~ O(e%/2).

“This is such that P;;0;f = 0 and P? = P. In Fourier space such a projector is
kik;

P;; :6ij_7k2 .



Finally, in order to close the system, we use Einstein equations. The detailed derivation
is presented in appendix B. We obtain an equation for ¢, see (B.17)

%v%pu—2¢)—6%+6H(3¢—2H¢)+6$—4¢§ = p(1+08)(1—2¢+2a*u®)+ O (€%) . (2.13)

Equations (2.10), (2.11), and (2.13) are a closed system that can now be explicitly solved.
Throughout, we have kept up to subleading terms in the weak field approximation. We
remark once more that these equations are valid non-perturbatively in the density contrast
§, but up to first order in the potential ¢ and second order in the velocity u’.

It is also of interest to write an equation for the tensor modes, which can be sourced at
the non-linear level. Using the transverse projector we obtain (see equation (B.19))

Ahij

1 T .
<5,;”6f - 35m"5kl> pi pik {hij +3Hhy - =5+

2
+ ?(_2X¢,ij +2¢,:0; +40,5)| =0.
(2.14)

We see here that the source for h;; is of order O(e?), such that if h;; vanishes in the initial
conditions, then h;; ~ O(€?), which we assumed implicitly in the equations above (see ap-
pendix B). The relevant equations are (2.10), (2.11), and (2.13), which allow to solve for the
density contrast ¢, the velocity u?, and the gravitational potential ¢. These in turn source
frame-dragging w; and tensor perturbations h;; through equations (2.12) and (2.14).

2.2 Comoving (synchronous) gauge

Though we focus on the matter density contrast, what is actually observed is the number
density of galaxies. The two are related since more galaxies are expected to form in deeper
potential wells. The connection between them is called biasing and we will include it in a
future work. For now let us note that galaxy formation is a local effect that depends only on
the time measured by an observer moving with the fluid where the galaxy will form [22, 56, 57].
For this reason we work also in comoving gauge, defined at all orders by the conditions

5ijhij = 5jk6khij = 0, U; = 0. (2.15)

We will see that, similar to what happened in the Poisson gauge, the sources for w; are of
order O(e3/?), while d;w is sourced already at order O(e'/?). Tensor modes are sourced at
order h;; ~ O(€?).

Let us show that in perfect matter domination the comoving gauge is synchronous, in
the sense that u® = 1 at all orders, up to an integration constant. Indeed, following [57], in
a comoving gauge the 4-velocity is by definition

u, = (—N,0), u"=(1/N,—N'/N),

where the first expression is fixed by the normalization of the four-velocity, N = 1/4/—g%,
and N* = g% /(—g%) are the lapse and shift of the ADM formalism respectively. Using this,
one can write the geodesic equation

du 1 1

T = g9matu’ = 0N,
such that N = 1 is a solution of both the space a = i and time o = 0 components of this
equation, and thus we can take u° = 1. This ensures that the proper time along a fluid



trajectory coincides with coordinate time. Therefore, the four-velocity of a fluid element in
this gauge is

1 1
p— (1,—(1+2¢) iw — a2wi—|—(9(€2)> : (2.16)
where the u’ component is fixed by the condition u,u* = —1. The condition v = 1/N =1
is equivalent to
1 1
¢ =— 52 Oiwdiw (1 + 2¢) — 2 wzazw—}—(’)( ) (2.17)

We will use this equation to eliminate ¢ in favor of w, 1 and w;.
We will work with the spatial components of the 4-velocity with an upper index, given by

.1 1
u' = —;(1—1—21/})81@0— Wi (2.18)
With this definition, the continuity equation (2.6) can be written as
0+ 0; [(L+8)u'] =31 +0)y + 3(1+ §)u'dpp + O () . (2.19)

To close the system, we again need the Einstein equations. Their derivation, and the specific
combinations we use, is once more relegated to appendix B. Note that in this case, we need
an equation for ¢ and an equation for w (or equivalently u‘). Using (2.18) we replace w in
favor of u’ in (B.28), then we get

it + 2H U + 2H25 = 3¢ + 6 Hep — 9;(u'dyu’) + 30'0nb + 6 Hul D) + 20;u'e)
+ 60;0u’ 4 2u' 050l Db + 3ulu? 9,00 + O(€3) (2.20)

which is the relativistic extension to the Euler equation in this gauge. and from (B.26) we
obtain an equation for v

Vi) = ga2H25 — Ha?0u' + a; [(Gjui)z + (&ui)Q] + 3Ha?y + Ha*u' 0y
~ 13 (0ip)* + 8¢V2w} + a?0u'y 4 a* 0l djut + O (62) . (2.21)
As before, we can also write an equation for w; (obtained from the Einstein equations, (B.27))
;ZV w; = 40p) — Zwv%p - = ]wa o1, (2.22)

where we see that w; is sourced at order (’)(63/ 2) as promised (its Laplacian is sourced at
order O(e'/?), and inverting it gives the order stated). Similarly, for the tensor modes see
equation (B.30)

2hij = ;050 — 9;wdinh — Dwdiah + %&gw@l@iw (D1 — DpwdOjw) . (2.23)

As in the Poisson gauge, the source for h;; is of order O(€?), such that if h;; vanishes in
the initial conditions, then h;; ~ O(€?), which we assumed implicitly in the equations above
(see appendix B). The relevant equations are (2.19), (2.20), and (2.21), which allow to solve
for the density contrast §, the velocity 6, and the gravitational potential ¢. These in turn
source the transverse component of the frame-dragging term w; and tensor perturbations h;;
through equations (2.22) and (2.23).



3 Perturbation theory and initial conditions

In the previous section, we made no assumptions about the size of perturbations apart from
the weak field approximation. The equations thus obtained are non-linear in §. In both the
Poisson gauge and the comoving gauge, the leading order equations reduce to the familiar
Newtonian fluid equations as they should. It then simplifies the algebra to separate all
our fields into a Newtonian piece, denoted with a subscript IV, that satisfies the Newtonian
fluid equations

On +0; [(1+ n)viy] =0, (3.1)
A0l + 2HIwYy + 9; (v dvly) + gH%N =0, (3.2)
and a small relativistic correction denoted by a subscript R:
6 =0N +Or, (3.3)
u":vf\;—l—u@%—kuip

Here we used the fact that u’ ~ v in the Newtonian limit. The relativistic velocity, following
the discussion of section 2 was further decomposed on a longitudinal and transverse part
(subscript R and T respectively). The velocity divergence field is then defined as usual as
Or = O;u’z. We can then use equations (2.10)—(2.13), in the Poisson gauge or (2.19)—(2.21)
in the comoving gauge, and write in Fourier space®

SR +0r = —/k (27T)35D(k$ — k12) |:Oz(k1, kg)(eR(kl)(SN(kg) + 9]\[(’61)(53(’?2))

1,k2
ik - ur (ki) (ka) | + Sslwow, v, On] (3.5)
. 3
b+ 2HOn+ SHn = — [ (26l ki) [2ﬂ<k1, k)0 (k) O )
k1,k2
. ki - ko
+iko - up(ki)fn(k2) (142 2 + So[¥N, 0N, ON] (3.6)
2

where, as usual, a(ky, ko) = (k:lg‘kzl)/k:%, B(k1,k2) = k%z(kzl -kg)/Zk%k%, ki = k1+ ks, and
dp is the Dirac delta. The sources S to equations (3.5) and (3.6) are explicitly relativistic,
and therefore depend only on the fields satisfying the Newtonian equations. Their explicit
form in each gauge can be straightforwardly obtained from equations (2.10)—(2.13) or (2.19)—
(2.21) and is given in appendix C, together with an expression for the transverse velocity
u’T which is sourced at order €3/2, following the discussion of section 2. Due to the non-
linear terms that couple relativistic corrections with the Newtonian solution, we need further
approximations in order to solve these equations. To do that, we perform perturbation theory
in the usual sense, taking 6 < 1 and # < 1 in equations (3.1)—(3.2), (3.5)—(3.6). Note that we
still keep aH/k < 1, which was used in deriving these equations. As in standard Newtonian

5We work with the Fourier convention

f@) = [ Gy e = [ e ph.

Here we have also defined a short hand notation for integrals.



perturbation theory, we combine these equations in order to obtain a second-order differential
equation for dp

5R+2H5R—2H25R=S, (3.7)

where S is defined to be

S=8;+2HS; — Sy + / (27)35(k — klz){zﬁ(kl, E2)0n (k1)0R(K2)
k1,k2
O

-5 [a2 (a(ker, k)0 (K)o (ko) + a(k, kg)eN(kl)aR(kg))}

+ 9 (ah - wp(ca ) (k) + ik - (k) (ko) (1 TPLY k2> } .38
2

We can now solve (3.7) order by order in terms of its Green’s function, with ¢, the initial time:

' D (#)D_(t) - D4 (H)D_(t)
. W(e)

Or(t k) = cy(k)Dy(t) + c_(k)D_(t) + St k). (3.9
Here, ¢y (k) and c_(k) are fixed by the initial conditions, and Dy (t) and D_(t) are the
growing and the decaying mode solutions to equation (3.7). In appendices D.1.1 and D.2.1,
we discuss the determination of the initial conditions. The Wronskian is defined as W (t) =
D, (t)D_(t) — Dy(t)D_(t) and for the case of matter domination D, (t) = a(t) o t*/3
and D_(t) = a~3/2. This solution can be used to compute fp to the same order, using
equation (3.5). We thus write

Za / (2m)38p(k — k1. n)[Fn(kl,...,kn)

kn

a2 H () FR (K, ... ,kn)} Sikr).. . o(kn),  (3.10)
o(k, Za / 27r35D(k: ki n)[Gn(kl,...,kn)
a2 HA G Ky, .. . kn)} Sk1) ... a(ka),  (3.11)

where ki1, = Z?:l k;, F, and G,, are the usual Newtonian kernels from perturbation
theory [58], the explicit form of the relativistic kernels Ff¥ and G is given in appendix D,
and J; is the linear Newtonian density perturbation linearly extrapolated to redshift zero in
both gauges, that is
Si(k) = Wv%(). (3.12)
Here, v, is the curvature perturbation generated during inflation, assumed to be a Gaussian
random field (and therefore ¢; is also a Gaussian random field). The time dependence in
equation (3.10) is obtained from equation (3.9). It can be easily deduced from the fact that
a universe dominated by a single fluid component, each power of k has to be accompanied by
a corresponding power of aH. Since relativistic corrections contain two powers of derivatives
less, they should be multiplied by a?H?.
We choose our initial conditions to be adiabatic, such that the universe is well described
by a single clock throughout its history. For this we require that our solution matches
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the perturbative fully relativistic solution at early times, which was computed to second
order in perturbations in [54, 55] and [53] for the Poisson and comoving gauges respectively.
The matching need only be done up to second order in §; within our approximations, as
is explicitly shown in appendix C. A simple way to see it is that the growing mode goes
like Dy ~ a ~ a 2H % which is the well-known behavior of the Newtonian solution to
linear order in d;. At second order in perturbations, this is the behavior of the relativistic
correction proportional to FQR. Thus, the relativistic correction to the second order kernel
(and therefore the tree level bispectrum) is sensitive to initial conditions. Corrections to
higher order kernels, F'¥ with n > 2, have a different time dependence, and are thus not
expected to be sensitive to the initial conditions (up to higher orders in aH/k), given the
scaling behavior of a universe dominated by a single fluid component. The fact that the
tree level density bispectrum is sensitive to initial conditions was noticed first in [59], where
the contribution from an early period of matter domination is considered. More complete
calculations were later performed by [60, 61], and in order to incorporate these effects into
our results one simply needs to fix our second order kernel to be the one obtained from these
codes since, at second order in perturbation theory, the source S vanishes in both gauges.

The transverse velocity ur is sourced at third order in perturbation theory, and in order
to take it into account, we define the following kernels:

ur(k,t) :HZa”+2(t)H2(t)/k (zw)?’ép(k—klmn)Gf(kl,...,kn)él(kl)...él(kn). (3.13)

n=1
We give an expression for them in appendix D.1.2 and D.2.2.

The calculation of the kernels of perturbation theory is essentially analogous in both
gauges, however two differences deserve a special mention. In Poisson gauge, already at first
order in perturbation theory a relativistic correction is present (see equation (D.6)) while in
comoving gauge Fi¥(k) = 0. The gravitational potential receives relativistic corrections in the
comoving gauge (equation (2.21)). For convenience, we therefore introduce also relativistic
kernels for :

Y(k,t) = (OHX (1) Y a"(t) /k (zw)%(k — k) FY (K. .. Kn)Si(Ry) . Si(Ren) . (3.14)

n=1
Expressions for the kernels Fff are given in appendix D.2.2 for the comoving gauge, while in
Poisson gauge, the gravitational potential does not receive any relativistic correction and its
kernels trivially follow from the Newtonian kernels F,.

4 Correlation functions

We use the kernels derived in section 3, to compute correlation functions. Note that these do
not correspond to actual observables since they do not include several projection effects such
as the distortion of the physical volume or the propagation of light. As such, all Redshift
Space Distortion Effects have been neglegled. However, the computation of these correlation
functions will give us an insight into the importance of non-linear relativistic effects and
additional subtleties such as their UV and IR behavior, to be discussed in detail in section 5.
We study two and three point correlation functions of the density contrast §. In terms of
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them, the power spectrum and bispectrum are defined in the following way:
(0(k1,t)0(ka,t)) = (271')351)(’61 + k2)P(k1,t), (4.1)
<5(k17 t)é(k27 t)é(kg, t)> = (27r)35D(k1 + ko + k3)B(k17 k?; k?n t) . (42)

Due to translational and rotational invariance P is a function of the magnitude of one external
momentum, P(k), and B is a function of the three magnitudes of the external momenta
B(ky, ko, ks3).

In this section we present the results for the one-loop power spectrum and bispectrum. In
the plots we present here, we have not performed the renormalization necessary to remove the
dependence on the UV cutoff [24], since this would require fitting the resulting counterterms
to a simulation, such as the one of [48]. However, we briefly comment how this would work
in section 5 for the case of the power spectrum, where we find that renormalization induces
a relativistic correction to the noise and a term proportional to ¢; (which could come for
example from a relativistic correction to the speed of sound). As discussed in section 5, IR
divergences do not automatically cancel as in the Newtonian case, and one is forced to choose
an IR cutoff (which encodes the fact that averages are necessarily taken to be over a finite
region of the universe). For the plots of this section we take it to be Hy. All the quantities
are plotted at redshift z = 0.

4.1 One-loop power spectrum

The tree level relativistic correction is not present in the comoving gauge where Ff* = 0.
The Newtonian one-loop correction to the power spectrum reads:

Pl-loop(k7 t) = a4(t) (P13(k) + P22(k)> 9 (43)
and the leading relativistic corrections to the one-loop power spectrum are:
Plop(k,t) = Hya®(t) (P(k) + P3s(k)) . (4.4)
The two Newtonian contributions are:
Pra(k) =6P1(k) [ PL@Fy(a.~a.k). (4.5)
q
Pua(k) =2 [ Fa.k— a)Pu(@)Pu(k - q)). (4.6)
q
while the relativistic corrections read:
PRk =6PL(k) [ PL(@) [Ffi(a, ~a. k) + (D Fi(a. ~a. k). (4.7)
q
Py(k) =4 / Fy(q,k — q)Fy(q,k — q)PL(q)PL(k — q) . (4.8)
q

We numerically integrate the momentum dependant part of (4.3) and (4.4) and compare it to
the standard numerical results for perturbation theory. Our results are presented in figures 1
in both gauges. For the numerical integration of the power spectrum, we used three different
codes, one based on C using the Cuba library [62], along with one written in Mathematica.
We also compared our results to the recent proposal based on the FFTLog formalism [63],
our results also agree with this method. As expected, the one-loop relativistic corrections to
the power spectrum are negligible since relativity is important on large scales while one-loop
corrections are important on small scales.
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Figure 1. Tree level and one-loop corrections to the linear power spectrum in Poisson gauge (left
panel) and comoving gauge (right panel). As expected the relativistic corrections are negligible at
small scales (large k) because Newtonian physics is a good approximation to the dynamics, while at
large scales (small k), the universe is in the linear regime and relativistic corrections are subdominant.
All quantities are at redshift z = 0. For all plots, dashed lines represent a negative contribution.

4.2 One-loop bispectrum
The Newtonian tree level bispectrum is:
Boi1(ky, ko, ks, t) = a*(t) [Fa(ky, ko) Pr (k1) Pr(k2) 4 2 cyclic permutations] . (4.9)
The relativistic corrections to the tree level bispectrum are:
BE (k1. ko, ks, t) = a®(¢) HS [2F5 (K1, ko) Pr (k1) Pr(k2) + 2F5 (K1, ko) F{* (k1) Pr, (k1) Pr (k)
+2F5(ky, kQ)FlR(kQ)PL(kl)PL(kQ) + 2 cyclic permutations] ) (4.10)
The 1-loop bispectrum is composed of 4 diagramatic pieces:

Bitoop(k1, ko, k3, t) = a®(t) [Baoa (k1. ko, k) + By (K1, ko, ks)

+Bi1 (k1. ko, ks) + Buni (k1 ko, ks)] (4.11)
where
Boga(k1, ko, k3) = 8/F2(q, ki —q)Fy(k1 — q, k2 + q)Fa(ka + q,—q)
q
x Pr(q)Pr(k1 — q|)Pr(|k2 + ql) . (4.12)

By (k1, ko, k3) = 6P (k1) / F3(q, k2 — q,k1)Fa2(q, k2 — q)Pr(q) Pr(|k2 — q|)
q

+ 5 permutations . (4.13)
Béél(k‘l, ko, k:3) = Fg(kl, kg)PL(kl)Plg(kg) + 5 permutations. (4.14)

Buy1(ky, k2, k3) = 12Pp (k1) Pr(k2) / Fy(q,—q, —ki1,—k2)PL(q) + 2 cyclic permutations.

q
(4.15)
The relativistic corrections have a specific scaling with time:

Bftyoop (K1, ko, k3, t) = Hia® (t) (BQR;2(]{;17 ko, k) + By (ku, ko, ks) (4.16)
B3 (ko b, k) + B (kR Bs)) (4.17)
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The expression for each diagramatic piece follows from the non-relativistic ones where one of
the kernels is relativistic:

BgQ(klak%k?)):S/ [Ff(Q»kl—fI)Fﬂkl—q7k2+Q)F2(k2+q,—Q)
q

+F2(q)k1 _q)Ff(kl_qka_’_q)FQ(kQ—'_Q) _q)
+F2(q7k1—Q)FQ(kl—qak2+Q)F2R(k2+q7_Q)]PL(Q)PL(’kl_QDPL(“@Q‘H]Da (4.18)

Bz){élf(khk%kB):GPL(kl)/ [Fi¥(q,ko—q. k1) Fa(q,ko—q)+ F5(q, k2 —q, k1) Y (q.ka—q)]

q
X Pr(q) Pr(|ka—q|)+6Pr (k1) F{ (k1)
< / Fy(q, k2 —q, k1) Fa(q. ko —q) PL(q) Pr (k2 — g|)+5 permutations (4.19)
q

B:giR(kukz,kz)=6F2(k1,k2)PL(k1)PL(k)/PL(Q)Ff(q,—q,k)+FzR(k1,k2)PL(k1)P13(kz)
q

+ Fy(ky, ko) FE (k) Pp (k1) Py3(k2)+5 permutations, (4.20)

Bty (b b ka) = 127 () Pohn) | [ Ff(a =g hr,—Fa) Pl + )
q
X/F4(Qa_Q7_k17_k2)PL(Q)+F1R(k2)/F4<Qa_(Ia_k51>_k2)PL(Q)
q q
+2 cyclic permutations] . (4.21)

In figures 2 and 3, for the two gauges considered in this article, we present the 4 contributions
to the relativistic corrections to the one-loop bispectrum in the squeezed limit, where two
sides of the triangle have been fixed to be k; = 0.1 Mpc~'h. We notice that, as expected,
some relativistic loop corrections to the bispectrum are as important in the squeezed limit as
the Newtonian loop corrections. This is because the bispectrum in that limit couples a large
relativistic scale with short non-linear scales. In Poisson gauge, there is even a break down
of perturbation theory for very squeezed triangles, which could be cured if the short-scale
physics is properly renormalized. Using gauge invariant quantities cures this pathology; see
ref. [64] for an explicit example.

In figure 4, we present the total one-loop relativistic corrections to the 1-loop bispectrum.
For comparison, we also plot the effect of a primordial non-Gaussianity of the local type on
the density contrast bispectrum at tree level. In a universe which has been matter-dominated
throughout its history, which we used for simplicity, it is

5(t, k)ne = a*(t) / (20)36 0 (k — o) FIN (I By )y (1 )0 (k) (4.22)
3H2 loc k2 + k2 kl . kg

FN- (K, kg) = — 20 AL < L2 +2 > (4.23)
2 2 k2k32 k7k3

In the plot we set fll\?f = 1. The relativistic corrections at tree level and one-loop have the

same behavior as the primordial signal as a function of the momentum being squeezed. Let
us also note that the relativistic correction to the second order kernel, proportional to FQR in
eq. (3.10), has the same time dependence as a primordial non-Gaussianity signal. Though we
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Figure 2. In Poisson gauge k; = 0.1 h Mpc ™!, the 4 relativistic corrections to the 1-loop bispectrum
B(k1, ki1, k) as a function of k compared to its Newtonian counter part and to the tree level Newtonian
result. All quantities are at redshift z = 0.

don’t plot it, primordial non-Gaussianity would also enter in the loop corrections, and the
time dependence of this effect is the same as the one-loop relativistic corrections. We will
carry out a more detailed analysis of the degeneracy of relativistic effects with the primordial
signal in the future, once the full calculation (including biasing and photon propagation) has

been performed.
Finally, we plot in figure 5 the ratio between the relativistic and the Newtonian bispectra
B(k1, ko, k3)E, + B(k1, ko, k3) B

1-loop
, 4.24
By, ks ka)y + Bk, ko, b)) (4.24)

1-loop

where we assumed k1 < ky < k3. In order to span all the triangle configurations, we fixed
k1 and plot (4.24) as a function of k3/k; and ka/k1. As promised, the squeezed limit of the
bispectrum is the one which is more affected by the relativistic corrections. For very squeezed
configurations, this ratio is larger than 1 in the Poisson gauge.

5 IR and UV behavior of the loop integrals

In this section we study the IR behavior of the loop integrals introduced in the previous
section. This behavior is markedly different from the Newtonian case. In particular, the
appropriate definition of perturbation theory requires the background to be renormalized,
and IR “divergences” do not cancel automatically. We then briefly comment on the UV
behavior of the same integrals. A detailed discussion of UV renormalization and fit of the
associated counterterms to simulations is beyond the scope of this paper.
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Figure 3. In comoving gauge k; = 0.1 h Mpc ™!, the 4 relativistic corrections to the 1-loop bispectrum
B(k1, ki1, k) as a function of k compared to its Newtonian counter part and to the tree level Newtonian
result. All quantities are at redshift z = 0.
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Figure 4. In the squeezed configuration: B(k1, k1, k), one-loop corrections to the linear bispectrum
in Poisson (left panel) and comoving (right panel) gauge, with k; = 0.1 h Mpc™'. Observe that in
the Poisson gauge, BE, becomes larger than the tree-level Newtonian results and the perturbation

theory breaks down in the IR.
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at redshift z = 0.

5.1 Renormalization of the background

In order for perturbation theory to be well defined, the average of fluctuations should be zero

(0) =0, () =0, (¥)=0. (5.1)

We will see that this condition is not realized in the relativistic case, and the background
needs to be appropriately redefined (“renormalized”). Let us begin by taking the average of
the second order expansion for the density contrast

(6(k)) = (2m)*5p(k)a? / Fy(q,~q)P(q). (5.2)

q

In the Newtonian case this expression vanishes since

lim  Fy(q1,q2) o (q1 + q2)?. (5.3)
lg1+q2|—0

In the relativistic case this is no longer true since FQR(q, —q) does not vanish, as can be
explicitly checked in expressions (D.17), and (D.31)°

(3(k) = (250 (k) AsaH? [ da Pia), (5.4)
where Ags is a numerical coefficient. In Poisson gauge it reads As = —137/5672, while in
comoving gauge it is As = —25/872. Moreover, even the average gravitational potential is

5As mentioned in section 3, these quadratic kernels are fixed by initial conditions. One can choose initial
conditions such that they vanish in this limit, but such initial conditions are not adiabatic and their physical
meaning is unclear.
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different from zero in both gauges

a4 2
(6(k)) = (2m)5n (k) / dg Pr(g) (Poisson). (5.5)

5a*H?

(k) = (20)5n(k) 5

/dq Pr(q) (comoving). (5.6)

In order to cancel these tadpoles we need to redefine the background over which we perturb.”
The non-vanishing of the average curvature perturbation was noticed in [53], and first ad-
dressed in [23]. We will reabsorb them explicitly in the Poisson gauge, with the discussion
in comoving gauge being completely analogous. In order to do that, let us start by rewriting
the background density and pressure

p— B(L+(5)), (5.7)
P>50+P, (5.8)

where the pressure will be determined by requiring that the background metric absorbs (¢).
This induces a modified Hubble parameter through the Friedmann equation

2AH — 2(¢p) = H((0) + 2(¢)) . (5.9)

We can now write the background continuity equation, at lowest order in the new quantities,
and after subtracting the unmodified background equations:

(8) +3H(5) + 3AH + 3pr — () + 6H (). (5.10)

Note that if (¢) were constant in time, it would correspond to a simple redefinition of co-
ordinates, as it would be simply an adiabatic mode [65]. Equations (5.9) and (5.10) fix the
modified Hubble parameter and pressure in terms of (d), and (¢). These corrected quantities
can be computed explicitly and are seen to be of the order of 1075, and therefore negligible in
all preceding calculations. On the other hand, several higher order kernels appearing in loop
integrals (such as for example Ff¥(k1, k2, q, —q) inside Byj1) contain factors of F¥(q, —q),
GE¥(q,—q) or F2¢(q, —q) multiplying quantities that diverge such as a(k,q — q). We set
such terms to zero, understanding that they vanish exactly once the background has been
appropriately renormalized.

5.2 IR behavior

Loop integrals can depend on the IR cutoff chosen. We focus here on the power spectrum
for simplicity; the discussion of the bispectrum is completely analogous. The IR behavior is
given by equation (4.4)

. 1

él_)r% Poy(t, k) = (WkZ + C’QIZRH2a2> a*Pr (k) / dqPr(q), (5.11)
1

lim P3(t, k) = (—2k2 + C{§H2a2> a* Py (k) /quL(q). (5.12)

q—0 6

"In actual observations the Dirac delta in front of these results will be replaced by the window function of
the survey, which goes to zero for scales smaller than the largest scale observed k > k¢, and is a finite quantity.
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The first terms correspond to the usual IR divergence of these loops, while the second terms
correspond to the relativistic corrections. C9o and Ci3 are numerical factors which are dif-

ferent in Poisson and comoving gauge. In Poisson gauge, the coefficients read C’{f = —ig’ié
IR _ 1 e : TR _ _ 405 IR _ _ 95
and C35" = —g;— while in comoving gauge they are Cy3" = —5c% and C5' = — g%

In the Newtonian case, the IR dependence of both contributions to the 1-loop power
spectrum cancel each other [66], after noticing that P»y contains divergences both when ¢ — 0
or |k — g| — 0. This cancellation is due to the equivalence principle (often called “Galilean
invariance” in this context). Following the arguments of [67], the IR limit of the loop integral
can be written in terms of the response of the full power spectrum to a change in the linear
power spectrum, that is

lin (P + Pr) = 2;@ / (65(k)3(q)5(—q)5(—R))' . (5.13)

where the prime indicates that the Dirac delta in front of the correlation function has been
ignored. Due to the equivalence principle, the integrand vanishes in the limit ¢ — 0 in the
Newtonian case [7, 8]. On the other hand, this double squeezed limit is different from zero in
the relativistic case [9],% and the IR “divergences” do not cancel as seen in equations (5.11)
and (5.12).

Due to the non-cancellation of the IR dependence, the result of loop integrals depends
on the IR cutoff chosen. This can be understood physically as due to the fact that actual
observations have a limited resolution in momentum space k; corresponding to the largest
scale measured. All averages are taken with this resolution, meaning that all information on
scales k < ky is smoothed out. One should thus convolve all integrals with a window function
containing information about the shape of the survey used. Since this IR dependence is weak
in our results, the details of the window function are not expected to be important and we
simply work with an IR cutoff of Hy.” We thus cut off any part of the region of integration
where one of the arguments of the kernel, or their sum, is smaller than Hy.'"

5.3 UV behavior

The description of matter as a fluid breaks down at small scales where highly non-linear
phenomena such as shell-crossing take place. This makes the description of its evolution with
perturbation theory incomplete, and small scale physics needs to be appropriately integrated
out. This fact is manifest in the dependence of loop integrals on the UV cutoff. One can
extend standard perturbation theory by including additional physics in the stress energy
tensor that provide counterterms to renormalize this cutoff dependence, in what is called the
Effective Field Theory of Large Scale Structure [23, 24] (see also [70] for additional discussion

81n the Newtonian case, there is no effect on short wavelength physics from a long-wavelength perturbation
that can be approximated as a constant potential, since the zero of the potential can be redefined arbitrar-
ily. The effect of a long-wavelength gradient (constant force) corresponds to an accelerated frame. In the
relativistic case, the effect of such long-wavelength perturbations is still unphysical. However, this Newtonian
intuition does not straightforwardly apply, the relations expressing the unphysicality of the long mode are
more contrived, and give a non-zero squeezed limit for correlation functions of density perturbations.

90ne may worry that this is not gauge invariant since we have chosen a specific coordinate system to
fix the cutoff. This gauge-dependence simply corresponds to describing the same physical region in different
coordinate system (for example, the region k > Hy in comoving gauge will have a more complicated description
in Poisson gauge). When using the window function of an actual survey, the gauge dependence will disappear.

100\ ore precisely, the contribution of those regions to the final result is a “supersample” redefinition of the
observed power spectrum or bispectrum, see [68, 69].
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of the renormalization procedure). Let us apply the same logic to the relativistic one-loop
power spectrum.

The UV dependence in the one-loop power spectrum integrals (4.4) for the relativistic
corrections to Poo and Pi3 can be obtained by taking the large ¢ limit in the integrands

lim PR = oY a8 H?k? dqw (5.14)
oo, 122 22 2 :
lim PlEYY = oWV H? P () / dqPr(q) . (5.15)
q—00
In Poisson gauge, the coefficients read C15 = —19%“3?27 and CYV = 55;’22 while in comoving
gauge they are CI%V = —2%(;52 and CYV = 8222. The UV part of the P integral has a

similar behavior to its Newtonian counterpart. It is not proportional to the power spectrum
of §;, suggesting that it can also be renormalized by a noise contribution. The Newtonian
noise term scales like k*, while this one scales as a?H?k? as appropriate for a relativistic
correction. A similar discussion holds for P@), which has a similar behavior to its Newtonian
counterpart though suppressed by a factor of a?H?/k?. As such it can be absorbed if we add
a counterterm proportional to §; without derivatives in the effective stress-energy tensor, and
can be seen as being a relativistic correction to the speed of sound.

The bispectrum case will require more counterterms [71, 72|, but a similar pattern
is expected to hold, with similar behavior to the Newtonian case but with an appropriate
relativistic suppression. These coefficients cannot be predicted from theory and need to be
measured in simulations, such as the ones of [48], which is beyond the scope of this work.
As such, we do not renormalize the UV behavior of loop integrals in the plots presented in
section 4, and leave a more systematic discussion of this for future work.

6 Conclusions

We have computed the one-loop power spectrum and bispectrum for the matter density
contrast in general relativity. We did this by using the weak field approximation and first
writing equations which are non-perturbative in the density contrast but perturbative in
velocities and the gravitational potential. This was done in section 2. The usual non-linear
terms in the resulting equations force us to take a perturbative approach similar to the
standard perturbation theory of the Large Scale Structure, as explained in section 3. This
could be further improved by appropriately renormalizing the behavior of the loop integrals
in the UV, but that is beyond the scope of this work, though we do comment on this in
section 5, where we also study the IR behavior of said integrals. We plot the results for
the one-loop matter power spectrum and bispectrum in general relativity in section 4. As
expected, we find that non-linear relativistic corrections are important in the squeezed limit of
the bispectrum and are crucial for distinguishing a primordial signal from projection effects.
This is due to the fact that the squeezed limit can couple a large relativistic scale with a
small non-linear one. Moreover, we find the time dependence of the relativistic corrections
to the bispectrum to be the same as that of a primordial non-Gaussianity signal, such that
measurements at different redshifts would not be enough to break the degeneracy.

The most important effects, going as 1/k? in the squeezed limit are “projection effects”,
in the sense that they represent the correlation between a long-wavelength gravitational
potential and short scale physics. These should cancel if we use coordinates which are locally
Minkowski (see for example [73, 74]). Indeed, we explicitly checked that the second and
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third order kernels satisfy the “dilation” consistency relation [9], which encodes the fact that
a long-wavelength gravitational potential has no physical effect on the small scale dynamics.
We have also checked that the third order kernels satisfy the “conformal” consistency relation.
For details on this check, see appendix E. However, these projection effects need to be
accounted for when computing an observable quantity since not including them will give
biased results when analyzing the data.

There are some qualitative differences with the Newtonian calculation:

e The second-order kernel F* depends on the initial conditions as discussed in section 3.
In order to compute the correct bispectrum generated by a canonical single field slow-
roll model of inflation, this requires initial conditions to be fixed at second order. To
our knowledge this is not currently done in relativistic simulations. If the bispectrum
from these simulations is used in analyzing the data, one would incorrectly conclude
that primordial non-Gaussianity has been observed.!!

e As already noted in [53], and discussed in section 5, we find that at second order in
perturbations () and (¢)) do not vanish a priori once relativistic corrections are taken
into account. For perturbation theory to be well defined this requires an additional
renormalization of the background by including a background pressure, which we find
to be of order O(107°) and not relevant for observations. This is compatible with the
discussion in [23].

e IR divergences do not cancel automatically as in the Newtonian case and an IR cutoff
is necessary. Contrary to the UV case, the dependence on the IR cutoff is physical
in the sense that it represents the fact that we must define our averages over a finite
region of the universe. A detailed description of this is presented in section 5.

Our calculation is necessarily gauge dependent since we have not yet computed an actual
observable. In order to do that we need to consider galaxy biasing and the trajectory of a
photon from the galaxy to the telescope [19, 21, 22, 28, 75-83]. Recently, [84] computed the
one-loop power spectrum dipole using the weak field expansion to order (’)(61/ 2). In their
results the number counts is computed to third order in perturbation theory. In a future
paper, we plan to compute the propagation effects on the one-loop bispectrum to order O(e).
We also plan to explore the appropriate UV renormalization of loop integrals and biasing in
this context. A direct generalization of our work is to include in our setup a cosmological
constant A, that would generalize the results of [85] to 4th order. Possible refinements of our
approach would be to use IR-resummation techniques, such as [86], renormalization group
techniques [87] or consider viscosity [88] or velocity dispersion terms [89]. Another fruitful
approach to predict LSS observable is Lagrangian perturbation theory [90], and relativistic
version of it have been worked out, see for instance [91, 92] and references therein. The weak
field approach may also simplify the calculations involved in this framework.
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A Description of a barotropic irrotational fluid

In this appendix we review the description of a barotropic irrotational fluid with a scalar
field. We mostly follow what is done in reference [53]. This fluid can be described by a single
scalar degree of freedom ¢ whose dynamics are governed by the action

Sy = /d4x\/—g P(X), = —g" 0,00, p. (A1)
From this, we can derive the stress energy tensor
Ty = 2P'(X)0up0yp — P(X) gy (A.2)

from which we can read the velocity, pressure and density of the fluid as long as 0,¢ is
time-like 3
¥
p=PX), p=2XP(X)-PX), u,=-tL. A3
(x) (X) = P(X), = 2 (A3)
The conservation of stress-energy gives the Euler and continuity equations as usual. This
describes an irrotational fluid in the sense that the 4-velocity is explicitly hypersurface or-
thogonal (it is orthogonal to the constant-¢ hypersurfaces). Furthermore, we can make it
satisfy an equation of motion of the form p = wp by taking

14+w

P(X) =X . (A.4)

The dark matter fluid is defined in the limit w — 0. This limit needs to be taken with care
as discussed in [53], but here we will only use the conservation of stress-energy along with
the expression for the 4-velocity, for which that limit is straightforward. Finally, we can take
o(x) = t 4+ U(z) after a redefinition of the field (taking into account that the background
4-velocity should be future-directed).

In Minkowski, hypersurface orthogonality corresponds to the usual condition that the
3-velocity be the derivative of a velocity potential. Indeed, taking as usual

Uy, :’7(17117))7 = (1 _U2>1/27

one can verify that it satisfies the Frobenius condition for hypersurface orthogonality
up, Vyuy = 0 (see e.g. [93]) if and only if v* is the gradient of a velocity potential. In
our case we can define the 3-velocity as being

1
Uy \/y (17 UZ) )
such that v; = 0;U and irrotational in the usual sense. However, in the main body we chose
to use the spatial component of the 4-velocity u; = v;/ VX, which is not curl-free. Notice that
in the non-relativistic limit, when the metric is close to Minkowski and velocities are small,
u; ~ v;. Therefore the spatial component of the 4-velocity satisfies the usual Newtonian
equations in that limit.
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B Derivation of Einstein’s equations

In this appendix, we fill some details of the derivation of the system of equations presented
in section 2. Those equation are the Euler equation (2.5), the conservation equation (2.6)
and the Einstein equations:

G,uu = T,uu . (Bl)

We will present the results in the two gauges under focus in this article. To avoid clutter, we
omit the order of the terms neglected in the equations of this appendix. It is understood that
for any equation we keep only the leading relativistic corrections. To recover the information
about the order in the weak field expansion, the reader is invited to consult table 1.

B.1 Poisson gauge

From the metric (2.1) a direct computation gives the following relevant Christoffel symbols:

rgo =3H + ¢ — 30, (5:2)
=¢;— 3, (B:3)
. ¢) 1 L s = ). (B.4)

rk — ‘b’“ (wm + k) (B:5)

Tk — _( ﬂ/}ajk + 050k — Odig)

o (B.7)

Calculating (2.5), we find:

2u2 a2u2 . ) ;
<1 ¢+2)+(1+5) <2> +0; [(1+0)u'] =3(1+0)Y+(146) (¢ — 3 )u' =0, (B.8)

)

where the background equation has been used. Expanding equation (2.6), one finds

¢z

¢z a*u? 2 o
wi + 2Hu' —|—uj8u+ (;H- (2(;5—1-@ ) + ﬁwéﬁ,i—%?

a2u2 . ) 1 ; ; )
2 < p H-He- w) u'+ 5 (Wi — wia)u’ + (Pau® = 2w/ ju’) = 0. (B.9)

Now to complement the generalization of the Euler and conservation equations, we calculate
the Einstein equations (B.1):

GO = %A¢(1—2¢+4¢)+3H2 (1—4¢—2fl> +%(aﬂ/})2 =p(1—-2¢+d*u?), (B.10)
G = o Ao (i H ) = s, (B.11)
¥,Gl= %(qﬁ 1/1)———3H2 0. (B.12)
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Using (B.12) in the matter dominated era, one finds that ¢ = 1 + O(a*H?*/k*). Therefore,
we define x = ¢ — v and replace in equations (B.8)—(B.11). We find

aZu? a’u? . . .
(1 ¢+2>+(1+5) (2> +0; [(1+0)u'] =3(1+0)p—24,(1+0)u’ =0,  (B.13)

)

2,,2 ..
wi+2Hu! +u38u+¢’+ul< ¢+au >+Z§

a’u? . P ) 9 . ;
+2 < 5 H—qu—gi)) n —|—a—2(wi7j—wj7i)uj—|—2(qbyiu —u! ¢ ju') =0, (B.14)
2 (B0(1420) + AX) 6 (2H6+6) + 5 (016)° = po-+ p(14+6) (0’ ~29), (B.15)
T;Awi—%(gﬁ,i+}[¢7i) = put. (B.16)

We stress here the choice to replace 1 or ¢ by x do give equivalent equations to solve. In
order to close the system, we calculate G'° + a2G% which gives:

%Aqﬁ(l —2¢) — 6% +6H (3¢ — 2H¢) + 69 — 4¢% = p(1 + 6)(1 — 26 + 2a°u?).  (B.17)

Observe that neither x nor h;; appear, therefore solving (B.17) will close the system and
generalize the Poisson equation (3.12) with second-order relativistic corrections in the weak
field approximation.

We close this appendix by presenting the equation of motion for the next-to-leading
corrections which includes x and h;;.

a*u’p  a? o (0a) ¢A¢
Ax = 5 5 (24H¢> -7 2 > (B.18)
msn 1 mn il pjk | 1, 1 Ah
00" — 50" 0t | P P77 \hij + 3Hhij — T (<Z5 95 +200,4)| =0,  (B.19)
where P is a transverse projector defined in the text before equation (2.12).
B.2 Comoving gauge
In this gauge, the required Christoffel symbols are the following;:
Thy = 3H — 34, (B.20)
F“i = —30;%, (B.21)
1 1
Tk = (H — )0 — H@lwakw +— 52 5 (Oiwy, — Opw;) + ajakwﬁjw@-@jw, (B.22)
1 : 9o, 1 .p 2 .
Ik, = —gajwa;@@jw + g@cw — ?Hakw(ajw) + P + aﬁ@b@kw
1 2
+ —68kw8jw8iw8j8iw — F/;(ajwakajw) , (B.23)
1
(&#ﬁ H@kw) — ﬂﬁ&m — 8,¢5k] + ?é)kwajaiw . (B.24)
Equation (2.5) now reads:
0+ 0; [(L+8)u'] —3(1 + )1 — 3(1+ §)u'dyp = 0. (B.25)
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Using the Einstein equations (B.1) together with the background equations allows to close
the system. The 00 equation gives :

——v v+ HV2w+ [(a a,w) —a2w82w}—3Hai¢aiw+%Hw2w (B.26)

2a 4
214azwv wit— aajwa wj+— 8Zw( Ojwdidjw)+— vzw(a-w)%ia»ajq/;(aiwajw)

+¥w [(aiajw) —afwafw}Jr(us—? [3(0i0)2+ 8y V2] — V2w¢ Oyt = — 0
The 0¢ equation gives w;:

alzv w; = 40p) — = le21/J — —@w@ o (B.27)

And G — GY = p(1 + §) together with equation (B.27) gives an equation for w:

1 o1 (Biw)? wj Oiw
(142 20— —(1+4 9.00)2 928H; _17 2 _J 29, 2% 2 ;
a2( +2¢)V<w a4< +41) [(90jw) +8Zw8 8w] o V= V0w 2a4V w
2 6
— gajwiaﬁjw— gazwalﬁjw@a]w (9 w@zw 1w81w+6H¢+3w = *p(s (B.28)

Finally in this appendix, from equation G;- it is possible to find an equation for tensor modes
h; Starting with h} to order €, the equation for this tensor is

V2R 4+ O (e) =T}, (B.29)

where T; = —2a2pwuiuk5kj ~ O (62), and after applying the transverse projector to terms
of order O (e€) this terms vanish, then we conclude ki ~ O (62). To next leading order the
equation for the tensor modes is given by

A ; . 1
VQh;' = lﬁaza]w - @-w@iw - &wﬁjw + Eﬁkwﬁl&w (Blwﬁkajw — 0kw6l8jw) . (B.30)

C Explicit form of the relativistic sources
In this appendix, we provide explicit expressions for the relativistic sources of equations (3.7).

C.1 Poisson gauge

Using, (2.10), (2.11), (2.13), (B.16) in Fourier space, we find:

Ss = 3¢n (k) + /k ) (21)36p(k — k1) {5N(k1)¢N<k2) + 30n (k1) on (ko)

ky - ks [d <a29N(k12)9N(k2)> +29N(k:1)k:§¢1v(k2)]}

k2kZ | dt
s entanlk— k) [’“]%k’“ﬂ ) [5N(k3)a29N<k12>9N<k2>
+25N(k3)9N(k1)k%¢N(k2)_’_6N(k3)% <a29N(k12)9N(k:2)>] | o

— 95—



So=—3Hd (k)+9Hdn (k) +3n (k) + /

(277)35D(kk12){
k1,k2

ok, k) [éw(k1)¢N(k2)+29N(kl) <¢N(k2)+H¢N(’C2))} + ﬁ%:gﬂ

2’“%¢N(’<’1)’¢%¢N(’62)] }

x [49N(k1)k§ <<;5N(k2)+H¢N(k2)) —3H2a%0n (k1)On (ko) + -

kl-kg 91\/(’61)9]\[(’62)&2 (

-I—/ (27)36p (k—k123) [kgkg] [Oé(k??),kw)
k1,k2,k3 172

—3H2a29N(k1)9N(k2)5N(k3) +2a(k3, klg)e(kl)g(kg)(ﬁ(ky))kg

—204(’@3,k12)9(k1)9(k3)¢(’€2)k§} : (C.2)

éN(k3)+2H0N(k:3))

The transverse velocity field can be obtained by pluging (2.1) in (2.4) and noting that
in matter domination: ¢y = 1. At order ¢!/2, one finds: u! = vl = 5”%—2(]. Plugging this
expression back in (2.4) and going to Fourier space, it is possible to obtain an expression for
the transverse velocity:

J

whp = Pj {wj(k) — 2/ (2m)36p(k — k12)]%9N(k1) [3¢N(k2) +
k1,k2 ki

50N (ko) + 2H0n (ko)
a
k3
ki

+Z/ (27T)3(5D(ki — k123)72 |:
k1 k2, ks 2k7

ks - ks
k3ks

} a20<k1>e<k2>e<k3>} . (C.3)

We obtain the transverse part of w’ by applying Pij to (B.16).

C.2 Comoving gauge

Writing equations (2.19), (2.20) and (2.21) in Fourier space the relativistic sources in comov-
ing gauge are given by

o (k—tiz) (3wt k) 432 0 ) )

1
+3/ 5D(k—k123) (k1k2k3) HN(t,kl)(SN(t,kg)T/J(t,kg) (04)
ki1koks

1
5p(k—k12) [("’lk;fz) (30 (0, e Ka) -+ 6O (1 Ky (1, )
1

+60 (t, k1) (t, ka)) +20 (¢, k1) (t, kz)]

Ssr=3v(t, k) +/

ki1ko

Sor = 31l}+6H7j)+/

kiko

+/klk2k35D(k:—k123) [2( 116% $) 45k ;’%;; 3)]HN(t,kl)HN(t,kzg)w(t,kg)
(C.5)
a’® (3 9
b(e) =~ (S0~ HON (. E))
a? (k1-k2)?
_4k2/k:1k:2 6p(k—k12) [k%k%_l] On(t,k2)0N(t k1) (C.6)
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The transverse velocity in comoving gauge is found by applying the transverse projector
on the velocity (2.18) and replacing w; given by equation (B.27), then in Fourier space the
transverse velocity in comoving gauge is

4ik . ) k1 k kki Fkik3 kiksks
ur(t, k) = —a(t, k +2z/ Sp(k—k (+++ =
(t, k) 2 (t, k) - ( 12) k:% k2 k% k:% k2 k% k2

X 9(t7 k1)¢(t7k2) (C?)

D Derivation of the kernels of the perturbation theory

In this appendix, we fill some steps in the determination of the kernels of SPT defined in
equation (3.10) for each gauge under consideration. In section D.1.1 and D.2.1, we use
dimensional analysis together with the time behavior of the solutions to determine whether
the initial conditions contribute to the final solution. For instance, in both gauges, the
sources S given in (3.8) vanish at second order in perturbation theory, however, the initial
conditions contribute to Ff*. We stress that this fact was sometimes omitted in the literature,
such as reference [36] who computes the power spectrum. However, as seen in section 4.1,
the terms they omitted give a subdominant contribution to the power spectrum in Poisson
gauge, though they are relevant for the bispectrum. In section D.1.2, D.2.2, we give detailed
expressions for the kernels used in this article.

D.1 Poisson gauge
D.1.1 Initial conditions

While the weak field limit allows for compact expression, the initial conditions are taken
to match the full GR calculation to leading order. For simplicity, we work in full matter
domination, and use the results of appendix A of ref. [59]. To match with the notation
of [59], only in this section, we sometimes work in conformal time defined as dt = a(n)dn and
then transform the result back to cosmological time. The equation of motion (3.7) has the
following form in conformal time:

5 + 1275' - 7762 = 127720+ 97 28Y) + 7S sy v o), (D)
where a prime denotes here a derivative with respect to conformal time 7. The source .S have
been sorted by decreasing powers of 7, the superscript indicate the order in perturbation
theory for each source. Their time behavior can be derived by explicitly calculating (3.8).
From dimensional analysis, each power of k£ comes with a power of 7, so that the “weak field”
approximation (large k) is equivalent to counting powers of 7, and we work to subleading
order in this approximation. The homogeneous solution to (D.1) takes the form

3(n,k) = c—(k)n~> + cx. (k)i (D.2)

Linear order. The relativistic adiabatic growing mode solution at linear order is equation
(54) of [59]:
k2n2
o) = - (24555 ) utw), (03)

where the gravitational potential is v instead of the ® in [59]. The solution to the linear
equation is
1 _ 1
5(n. k) = i) (k) + &5 (k) — 20(k) (D4)
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such that we choose cgl)(kz) =0 and cél)(k:) = —k%¢(k)/6 for the linear solution. We see that
the second term corresponds to the Newtonian solution while the last term is the relativistic
correction suppressed by two powers of kn. Going back to cosmic time ¢ by using a factor
ng = 2 and using (3.12), it corresponds to setting c(_l)(k:) =0 and csrl)(k:) = 6o, where c4 (k)

and c_ (k) are defined in equation (3.9). This allows us to conclude that:
Fi(k)=1, (D.5)
3
FRE) == (D.6)

Second order. The relativistic contributions to the sources cancel, and the resulting equa-
tion has the form of the Newtonian equation

8" + 7275’ - 525 —?FP. (D.7)

The solution is the sum of the homogeneous solution and a particular solution
5 (n, k) = 2 (k)3 + D (k)n® + 1 o (D.8)

(2)

where Fj is the usual Newtonian kernel. Within our approximation ¢;”’(k) is again sup-
pressed by too many negative powers of 1 with respect to the leading term: c?)(k) = 0.

However cg)(k) must be fixed by matching with the initial conditions. Taking the n — oo

approximation in the fully relativistic second-order solution (equation (59) of [59]), we get

4
5@ (1, k) / (2780 — kuz) | (o + o (K7 + KDK? — (k2 — k3)? ) o'
_— 7 28

N <59k2 125(162 K2) — 9(l<:%—k%)Q> n2+0(kono)r/’(’“1)¢(k2)7 (D.9)

14 14 7k? 36

where the first line is the Newtonian result, and thus

59k% 125 9(k? — k2)?
P (k) = /k ) (2m)36p(k — k12) [(14 -1 — N (171<;22)> n + O(kono)]

o Ylk)d(ks)

D.10
36 (D.10)

Transforming back to cosmic time, using 73 = % and (3.12) we find:

0
5 2
Fg(kl,kg) = §a(k:1,kg) —I-?ﬁ(kl,kg), (D.ll)
1 59(k1 + k2)? 125 5 oy 9(k? — Kk3)?

ki, k ki +k3) — ——=———|| . D.12
Ff ) = g | (PR - R0 k) - ML (D.12)

Though we have set initial conditions for a universe which has been dominated by matter
throughout its history, it is straightforward to set F5 by matching with perturbative results
to second order in a more realistic case, such as [61].
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Third order. (D.1)is
2 6 ~(3 ~(3

where the second order solution is plugged into the second order source to obtain a third
order term. The solution is again given by

§® = P (k) + & (kyn? + 1P By + By (D.14)
Both the term proportional to cgg)(k) and the one proportional to cég)(k:) are subdominant
compared to the source terms, and can be set to zero: 653)(143) = c@(kz) = 0. Note that this
reasoning also holds for higher order in perturbation theory, and the initial condition can
be neglected.
D.1.2 SPT kernels
The kernels are given by:

3

Fii(k)= 13, (D.15)
5 2
Fy(k1, ko) = Zo(ky, k2)+ =B (k1, k2) (D.16)
R 1 59(k1+k2)> 125 oy 9(kI—k3)?
Fy'(k1,k2) = s [( g (R HR2) T ) | (D.17)
4
Gao(k1,k2) =2F>(k1,k2)—a(ki, k) = *a(k1,k2)+;5(k1,k2)a (D.18)
9F ki, k 13 ki1-k 3 3
G (1, 2) = By (o, o) + (2(+1k2)2) PR T=E (D-19)
T _ _ ki-kizki2 kis+k3
Gk k) =6 (R - ) (kfkg%) (D.20)
1
Fy(k1, ko, k3) = 15 [TFa (K1, k2)a(ks, k12) +7Ga (k1 ko) a(ki2, k3 ) +4Ga (K1, ko) B(ks, k12)]
(D.21)
Fs(ki,ko, k ki-k
F?F(kl,kg,kg) {18%+[52+30&(k3,k}12)] klfkg
+G2R(k1,k2) [100[(]?12,k3)+85(k12,k3)]—I—lOFQR(kl,kg) (kg,k)lg)
30 81 k3 -kio ks-ki2
+F5(ky,k2) [—Q—@—75 kK2, ] +Ga(k1,k2) [65 Wik, +- }}
+= GQR(klakS) ko (7+4k13 kQ) , (D.22)
G3(k1, ko, k3) = 3F3(k1, ko, k3) — Fa(k1, k2)a(ks, ki2) — Ga(k1, ko) a (K12, k3) (D.23)
Fs(ki,ks, k
Gl (o oo, b) =9 2 B8 o B ey, K, h) — B (ki K)o (R o)
R k:l kg k3‘k12
-Gy (k1,k2)a(ki2, k) —4 Wk +F5(k1, ko) [k2 +k§2 -3 WK, }
ks-k
—Gg(kl,kg) 8k:32k212+k2:| kQ-GQR(kl,kg), (D24)
12
T _ Ga(k1,ks) (k3+kizs) k123-k13ki23
Gan(k ko, k) = k3 k3kios (k13+W>
Fo(ka,ks) 6 5G2(k2,ks) ko-ks k1-ki23k123
*[ o (i) o, o) ()
(D.25)
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Fl(ky ko, k3, ky) =

1 (3 Fy(k1, ko, ks, ka)
( ki k3, ki

36 ki+kotks+ka)?
+Fy (ki ko) Fo(k3, ky) [—18

B (R k2) G (R ) |33

k12-k3s 105]
ki k3,

ki23-k4 180

+F3(k1,k2,k3) |:—99 k2, k2 —@—*} +G3(k1,k2,k3) |:105

+14a(kiz, ksa) (G5 (K1, ko) Fo(ks, ka) +Ga k1, ko) ' (ks, k)]

+GE (K1, ko, k3) [14a (K193, ka) +86 (K123, k1))

+8GE (K1, k2)Go(ks, ka) B(K12, ksa) + 14FT (K1, ko, k3)o(ka, k123)
ki-k ki-k

Byl or) { 52 (754120 (. ro)] + s 42120 (ks Kraa)) |
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Note that at second order in perturbation theory, S = 0: all the sources cancel, however
relativistic corrections arise from initial conditions as it was discussed in section D.1.1. The
kernels we give here remain to be symetrized and are expressed recursively. We conjecture
that a general recursive relation could be derived for our weak field framework. In the New-
tonian case, it is given for instance in equations (43)-(44) of [58]. We reserve this calculation
for the future.

D.2 Comoving gauge

D.2.1 Initial conditions

In the comoving gauge, the calculation is analogous to the Poisson case. We borrow the
results for the primordial inflationary perturbations ¢¢, we, we; and ¢ given in equations
(77)-(80) of [53]. With equation (B.26), it is possible to express d(¢,«) in term of these
quantities as

1 1
5(t, m) = [sz/zc —aHv2w< - (8¢8jw<)2 + 732w<82w< +Ha8,~¢<8iw< — QHCMbngwC

2
3H2a?
—3Ha2¢<+ (8i¢) +4w<V2¢<—|—aV2wC¢+a&w<&Lw<] (D.27)

As in the Poisson gauge, the only contribution from the initial conditions to the perturbation
theory kernels come from the second order

) 10 4 01(k1)d (K
S0k) = [ p o) [ (PR () (-85) 3 o)) | 2
1,R2

25 17 8 01(k1)di(k
+a4H26/k () dn(k—kn) [khﬁkl-krg(k%kg)}%, (D.28)
1,/k2

where we used the linear solution for ¥(k) = —5‘;2152 0i(k,t). We conclude that the initial
conditions induce:

5(k?+k3) 5ki-ko
Fftn ) = (-5 S 4 . (D.29)
2 2 kK3 4 k2k3
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D.2.2 SPT kernels

In comoving gauge the relativistic kernels are given by

Ffi(k)

Fyt(ky, k) =

FY (k1 ko) =

k
Gir(kik2) =455

0, (D.30)
5(k¥+k%) 5ki-k
_5( ;2k22)+1 k12k22 ) (D'31)
ki -ky)?
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D.3 Gauge transformation: from comoving to Poisson

In this subsection, we check our results with the existing literature up to second order.
Following the notations of [54], we perform a gauge transformation between Poisson and
comoving gauge.
First our derivation of F{* in equation (D.15) agrees with known results, for instance
with equation (6.3) of [54]: 5531) = 5591) — 2¢. From this equality, we also deduce: a () = 2.
Second, with equation!? (3.29) of [54]:

/ 5 /
o) =0 + [; (>+a(1>* (D-40)

a2y given by equation (78) and (86) of [53] and our expression in the weak field limit of

(5592) (D.28), we obtain (5532). The expression we obtain agrees with equation (59) of [59] which
has been used to construct Fi¥ in (D.17).
The third and forth order relativistic kernels are new.

E Consistency relation

In order to check the validity of our solutions, we used the consistency relations from ref. [9].
The consistency relation is the relation between a n-point function of the density perturbation
d and a (n+1)-point function in the squeezed limit. This relation comes from the fact that the
effect of a long wavelength mode on short scales is equivalent to a coordinate transformation
at scales where the curvature perturbation in comoving gauge ( is conserved (as is the case
in matter domination even deep inside the horizon).

E.1 Poisson gauge

In this section we want to prove that the relativistic kernels from section D.1.2 satisfy the
relativistic consistency relation for large scale structure in a matter dominated universe.
Using equation (60) in [9], equations (D.3) and (3.12) the consistency relation at equal times
is given by

3Hga(n)

1
(0g(M)0ky (1) - 0N ken ) gs0 = —TPL(Q) 3n—5+ 3 Z (5kq - Ok, + M40y, )

a

; 8q -k,
+= Zq kan; + qD —22< g/l na>q aka"'zkz (2 + k2112 /6)

) S (E.1)
where the primes mean that momentum conserving delta was removed. And
¢'Di=> " [6q- 0, —q-kad}, + 2k Ok, (q- )] (E.2)

a=1

For n = 2 the left hand side of equation (E.1) gives
(8q (1) 3k, ()0 (m2)) 1,0 = 2H [Fo' (=g, k1 +q) P(|k1+4|)+ F3' (—q,—k1) P(k1)] a®(n) Pr(q)

_ _<ng2 (6 sqk'f1> Pr(q)Pu(k). (E-3)

2Note that we define unlike [54], § = 6" 4 §(2).

~ 32—



where the last line was obtained by taking the limit for ¢ — 0 of equation (D.17). For the
2-point function appearing on the right hand side we obtain

(ks (M), (12)) = [a(m)a(n2) + 2a(m) Ff* (k1) + F{* (k1) F{* (ka)] Pr(k1), (E.4)
therefore, the first line in the L.h.s. of the squared bracket is

[1 * % (5k1 - Bk, +n0y) | (O, (M) kez (12)) = 4a®(n) P (k1) (E.5)
m=nz=n

Note that we only used the Newtonian power spectrum since the operator acting on it is

already suppressed by €2 = a? H2/k? with respect to the Newtonian expression, and we have

used the fact that Pp(k) ~ k since we assumed matter domination throughout.'® The first

term in the second line corresponds to the Newtonian consistency relation [7, 8]

é > a- kan; Ok, (m)dk, (12)) = %q < (kant + kan3) (Ok, ()9, (112)).- (E-6)

However, since k1 + k2 = g, we neglect this term as it is suppressed by too many powers of
q in the squeezed limit. It is also easy to see that in the weak field approximation kn < 1,
the last term in equation (E.1) is also negligible. The remaining terms give

5 1 -k
[6q1Di = <1 - 677a8na> q- aka] (Oke; (1), (112)) = qug ~a?(n) P (k)
a nm=n2=n !
(E.7)
Putting everything together, the left hand side gives:
al(n)H? -k
(0q 0%, (11)0k, (112)) g0 = — (Zg v [6 +39 2 1] Pr(q)Pr (k1) (E.8)
1

which is in agreement with right hand side.
Now For n=3 we have on the left hand side

(3q ()0, ()0, (12) 0k, (1)) = (05" ()L (11)83) (12)8, (1)) + 2 perm
<5<(11)(n)51(fl) ()3 (772)5;93)(773)> + 2 perm (E.9)

note that in order to check the consistency relation in this case it is enough to compare only
a specific combination of the momentum, we will compare the terms on both sides which are
proportional to Pr,(k2)Pr(ks). On the Lh.s. we have:

(0q (1), (1) 0k (112) 915 (13)) 30 O {6 (F{*(k2)+ Fy*(k3)) F3(—q, — k2, —ks) +6F3 (—q. —k2, —ks)

-k
+4F (—q,q+k2) Fo(—q—ka, —ks3) <1+qk%2> +ko <> k3

+4F2(_Q7q+k2)F2R(—q—k2, —kg) <1+ql;3’§2> + kg < k3:|
a(n)a®(m)a(nz2)a(ns)Hg Pr(q)Pr(ka) Pr(ks)|

= —30615(;73}]3F2(k2, kg)PL(q)PL(kQ)PL(kg)+O(q_1). (ElO)

71,2,3=1M

131f more realistic initial conditions, including a period of radiation domination, are used, both the power
spectrum and the second order relativistic kernel need to be modified as discussed in the text. We expect
everything to be consistent in that case.
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For the r.h.s. we have
Sy (111) 01y (12) 0, (m3)) D (83 (71)650) (12)S (n3))
= 2a*(m)a(n2)a(ns) Fa(ks, k3) Pr(k2) Pr(k3) (E.11)

therefore, the part corresponding to the dilation transformation gives:

i1 (5Zk a+naa)]<5<><m>5,i2<n2>6,22<n3>>

171,2,3=17
= 20a (U)Fg(kg, kg)PL(ka)PL(k‘g). (E.l?)
We thus have
/ GB(U)Hg
(0q(1) 0k, (11012 (12) 0k (13)) g0 raan —30——5—Fa(k2, k3) PL(q) Pr(k2) PrL(ks3)
| (E.13)
which is in agreement with (E.10) up to order O(g~2).
E.2 Comoving gauge
We now check the consistency condition for the comoving gauge. It is given by
/ 5H0
(0qOk; (1) -+ 6 (M) ) g0 = 27 a(n)Pr(q) [3(n=1)+ ko0, (E.14)

1 . 1
+§q2Di - 5 Z q'kangl <5k1 (771) toe 6(nn)kn>/ :

We start by checking that this relation is satisfied for n = 2. For the Lh.s. at equal times
we obtain

(6q(M)0ky (MO(M)k, )y = 2H3 [F3'(—q, k1 +q) P(|k1 +q|)+ Fy*(—q,—k1) P(k1)] @ () Pr(g)

=2H} [ —q.,k1) < q];?1>+Ff(—q,—k1)} a®(n)PL(q) P (ki)
H2 k
:_(qg 0 <1o+5qk !

where the last line was obtained by using equation (D.31) and taking the corresponding limit
up to order O(q~1).
Now for the r.h.s. we obtain

2 ) PL(q)PL(lﬁ), (E15)

1. 1 4
3+Zka-aka+2qmi] o (D, 1)) = 34001, + 30k (00 402, )| 2Pl

(4+2 k’; >a(77)2P(k1), (E.16)

we have neglected last term in the consistency relation (E.14) since for equal times it is order
O(q), and too suppressed by ¢ to be captured by this relation. Therefore, for the r.h.s. we get

a3 2
(0g(1)0k, (M)0k,, () = —(ZgH <10 +5

which is in agreement with equation (E.15).

qkl

1

) Py (k1) Py (q), (E.17)
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For n = 3 on the left hand side we use the same combination as in Poisson gauge (E.10).

Taking the limit ¢ — 0 on the left hand side and computing the dilation part on the right
hand side we obtain the same result given by

a’(n)

(0q (1), (1) 01y (1) 95 (M), 0 O —40qQHgF2(k2,ks)PL(Q)PL(kz)PL(k3)+O(q_1)- (E.18)
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