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Abstract

We present a new method for calculating loops in cosmological perturbation theory. This method
is based on approximating a ACDM-like cosmology as a finite sum of complex power-law universes.
The decomposition is naturally achieved using an FFTLog algorithm. For power-law cosmologies,
all loop integrals are formally equivalent to loop integrals of massless quantum field theory.
These integrals have analytic solutions in terms of generalized hypergeometric functions. We
provide explicit formulae for the one-loop and the two-loop power spectrum and the one-loop
bispectrum. A chief advantage of our approach is that the difficult part of the calculation is
cosmology independent, need be done only once, and can be recycled for any relevant predictions.
Evaluation of standard loop diagrams then boils down to a simple matrix multiplication. We
demonstrate the promise of this method for applications to higher multiplicity /loop correlation

functions.
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1 Introduction

Cosmological perturbation theory (PT) [1-4] offers a complementary approach to predicting and
interrogating large-scale structure (LSS) observables in the weakly non-linear regime. While
many investigations in the literature are aimed at understanding and exploiting the highly non-
linear regime (e.g. galaxy and cluster formation), it is clear that upcoming experiments (e.g.
CMB-54, DESI, CHIME) will also provide voluminous datasets probing matter distribution on
very large scales. As we continue in this “era of precision cosmology”, it is critical to exploit this
investment of resources, to the fullest extent possible, in order to deliver on the promise of these
upcoming surveys to measure cosmological parameters and potentially probe new physics. The
PT approach, when recognized as a classical effective field theory [5-7], has a number of impor-
tant advantages. It converges to the correct answer for clustering statistics on large scales as more
orders are included. Its errors are parametrically controlled, so the typical size of the deviations
from the correct answer can be easily estimated. For the scales of relevance, it is rapidly com-
putable compared to the necessarily large and high-resolution cosmological simulations required
to attempt adequate comparison of theory and large-scale data. Simulation boxes are computed
with a single cosmology and thus many computations are required to investigate small changes
in cosmological parameters, the effects of cosmic variance, and to perform consistency checks of
scheme independence. PT works around these issues entirely. Indeed it can serve as a spectacular
large-scale (IR) complement to simulations, allowing them to focus their power in the incredibly
non-linear smaller-scale (UV) regimes where they excel.

In the PT approach one treats dark matter and baryons as non-ideal self-gravitating fluids. At
early times or on large scales these fluids are nearly homogeneous with small density fluctuations.
This allows for the equations of motion to be solved perturbatively. The rigorous foundation
of PT as an effective field theory of large scale structure (EFTofLSS) was recently made [5—
7], although many important results were known for a long time (for a review see [8]). One
feature of these perturbative solutions is that they convolve initial density fields. Therefore
observables, such as correlation functions of density-contrast, or overdensity, are efficiently written
as momentum integrals over a certain number of initial power spectra. These integrals are
refereed to as loop integrals. They admit a graphical organization which is why the atomic
units of loop contributions to correlation functions are often referred to as loop diagrams. Higher
multiplicity /loop correlation calculations are critical not only to extending the scale of relevance of
the analytic approach, but to break degeneracies and optimally extract cosmological parameters
from the real data.

While calculating loop integrals is a straightforward task in principle, the computational cost
of exact solution becomes prohibitive for higher points (multiplicity) as well as higher loop order
corrections. Higher multiplicity kernels quickly become complicated and every loop brings addi-
tional three-dimensional integral. The linear power spectrum that appears in the integrand for
real universe applications is known only as a numerical function which makes analytic solution of
non-trivial integrals impossible. Naive numerical integration, to desired precision, on the other
hand, quickly becomes slow even with advanced Monte Carlo methods, due to the growth in



dimensionality. This poses a direct challenge to our ability to interrogate large datasets and one
that merely more and faster computers will not address.

In order to simplify and speed up loop calculations we require new ideas, new strategies, to
approach the problem. One inspiring idea, developed in [9] and [10], is to use Fast Fourier Trans-
form (FFT) for efficient evaluation of the one-loop power spectrum. After first “deconvolving”
the lowest order PT solutions, and performing all angular integrals, the one-loop expressions
reduce to a set of simple one-dimensional integrals that can be efficiently evaluated using FFT.
Unfortunately, deconvolving higher order perturbative solutions and extending this approach to
the one-loop bispectrum or the two-loop power spectrum proves to be challenging [11].

In this paper we build on ideas of [9, 10] but choose a slightly different strategy which allows
us to go beyond the one-loop power spectrum. Let us briefly sketch the main idea behind our
proposal. Prior to doing any integrals, the linear power spectrum is expanded as a superposition
of ideal self-similar power-law cosmologies. This is naturally accomplished using FFT in log k.
Given some range of wavenumbers of interest, from ki t0 knax, the approximation for the linear
power spectrum with N sampling points is [9, 12]

m=N/2

Pin(kn) = > em kit (1.1)

m=—N/2

where the coefficients ¢, and the frequencies 7, are given by

, 2mm
Pin (k1) Vk—mm —2miml/N m = T~ - 1.2
E 1 l min ’ N IOg(kmax/kmin) ( )

Notice that the we denote the approximation for the linear power spectrum with P, (k), while
eq. (1.2) uses the exact linear power spectrum P, (k) to calculate the coefficients ¢,,. We will keep
using the same notation throughout the paper. The parameter v is an arbitrary real number. As
we will see, the simplest choice v = 0 is insufficient in some applications, so we will use the more
general form of the Fourier transform. In the terminology of [9] we call this v parameter bias.
Note that the powers in the power-law expansion are complex numbers. In practice, even a small
number of power-laws, O(100), is enough to capture all features of the linear power spectrum
including the BAO wiggles. One important thing to keep in mind is that the Fourier transform
produces the power spectrum that is periodic in log k. Therefore, we will take care to choose ki
and knax such that we cover the range of scales where we actually care about the value of the
power spectrum. In other words we are choosing the momentum range where the loop integrals
have the most of the support. However, one always has to be careful about possible contributions
particularly from high k£ modes or short scales.

Is this a limitation? Absolutely not. At the heart of the EFT understanding is the simple
recognition that the PT idealized description of satisfying fluid-like equations of motion can only
be valid at certain scales. This is much the same as the hydrodynamic description of liquid water
is only valid at certain scales. Attempting to integrate this approximation over scales outside
of its validity introduces non-parametrically controlled errors. Instead the information in the



linear approximation must be supplemented by small-scale UV physics. This data is encoded in
physical parameters like speed of sound or viscosity — potentially any dimensionally consistent
operators. Such EFT parameters serve two roles. They must eat up any cutoff-dependence, by
definition non-physical, and they must accurately represent the integrating out of any small-scale
degrees of freedom. So baked into the framework that places PT on a rigorous footing is the
realization that any integrals of the linear approximation should only be performed over a range
of scales consistent with its validity.

Notice that the decomposition (1.1) reduces the evaluation of a loop diagram for an arbitrary
cosmology to evaluation of the same diagram for a set of different power-law universes with
numerical coefficients. Power-law momentum integrals can be done analytically. The final answer
is a sum of familiar special functions which are straightforward to evaluate. In the simplest case of
the one-loop power spectrum, the momentum integral for a power-law universe can be expressed
entirely in terms of gamma functions [13, 14]. Looking at higher order correlators an interesting
pattern emerges. The perturbation theory kernels can always be written such that the general
form of loop integrals in a power-law cosmology is formally identical to the one of a massless
Quantum Field Theory (QFT) with cubic interactions.! This is just a formal relationship, but it
should prove rather useful. Many results recently developed in the theory of scattering amplitudes
can be applied to LSS correlation functions as well. Some steps in this direction have already
been made for the one-loop bispectrum in [13].

In this work we derive formulas for the one-loop bispectrum and the two-loop power spectrum
in power-law cosmologies which are suitable for effecient numerical evaluation. Generically, the
higher multiplicity /loop correlation functions are expressed in terms of the generalized hyperge-
ometric functions. One thing to keep in mind is that the powers v + in,, are complex and one
has to be careful about the analytic continuation of all results to the entire complex plane.

Before diving into the details, let us comment on one important virtue of our method. The
decomposition (1.1) is useful because it separates the cosmology dependent portion, encoded
entirely in the coefficients ¢,,, from the loop calculations which have been reduced to that of much
more tractable, ideal, cosmologies. This means that for the fixed value of bias v, the momentum
range (kmin, kmax) and the number of sampling points N the difficult part of the calculation which
involves momentum integrals can be done only once, saved as a table of numbers and then used
for any cosmology. As we will see, the evaluation of the contribution of loop diagrams reduces to
a simple (small) matrix multiplication and it is very fast. This opens up the possibility of using
our method in Markov chain Monte Carlo parameter estimation.

In the rest of the paper we focus on three examples: the one-loop power spectrum, the
one-loop bispectrum and the two-loop power spectrum. We will present our calculations in
detail and for one-loop diagrams compare them with the standard numerical results. We leave a
detailed comparison with the numerical two-loop power spectrum for future work. A Mathematica
notebook used to produce plots is available as an auxiliary file associated with the preprint of
the paper on arXiv.

'More precisely, it is a QFT in three dimensions with the Euclidean signature.



2  One-loop Power Spectrum

Let us first consider the simplest case—the one-loop power spectrum. In perturbation theory
there are two different one-loop contributions. Using the usual approximation in which the time
dependence is separated from k dependence (for a review see [8]), the one-loop power spectrum
reads

Pi _100p(k, 7) = D*(7)[Paz(k) + Pi3(k)] , (2.1)

where 7 is conformal time, D(7) is the growth factor for matter fluctuations and the two terms
in the square brackets are given by

Pas() = 2 / F2(q.k — q)Pin(@) Bin([k — q) . (2.2)
q

PlS(k) == 6Plin(k) / Fg(q, —-q, k)Plin(Q) ) (23)

where [ = [ ng. Diagrammatic representation of these two contributions is shown in Fig. 1.
q (2m)

The explicit form of kernels F), can be calculated using well-known recursion relations [8]. One

important point is that it is always possible to expand kernels in (2.2) and (2.3) in integer powers

of k2, ¢*> and |k — q|*>. For example,

5 3k 34?2 5¢ 5|k — q/? K
Fy(q,k—q) = — - - '
2gk—q) =1+ 282 28k —q2 28]k — q|? 282 14k — q|*¢?

(2.4)

A similar expression can be found for F3(q, —q,k).?> If we further decompose Py, (k) in power
laws using (1.1), the one-loop power spectrum becomes a sum of simple momentum integrals of
the following form

/ s, ) (2.5)
q

q2V1‘k _ q|2V2
Pr3
L
3

F —F)l’i,n

where v and v are in general complex numbers.

Figure 1. Diagrammatic representation of two contributions to the one-loop power spectrum.

As we already mentioned, the form of the integral is identical to the one-loop massless two
point function in QFT. The only difference is that in this case the powers of the “propagators”

%In the expansion of F3(q, —q, k) some terms contain |k + g|>. Given that the kernels are always integrated
over q, one is allowed to do the following change of coordinates ¢ — —q and bring these terms to the same form
as in (2.4)



are complex numbers rather than integers. Still, the unknown dimensionless function (v, vs)
can be easily calculated using the standard technique with Feynman parameters. The result is a
well known expression [13, 14]

1 TG -v)l(§ - w)l(vi2—3)
8732 T()D(1a)(3 — v12) ’

|(I/1, 1/2) = (26)
were v = 11 + v (throughout the paper we adopt the following notation vy, =vi +--- 4+ 1p).
Notice that, thanks to the analytic continuation, |(v1,12) gives a finite answer even for the
values of parameters for which the integral is formally divergent. In practice, breaking the loop
calculation into many pieces can lead to some divergent terms. However, as long as the total
sum is well defined and finite, for at least some power-law cosmology P, (k) ~ k¥, by analytic
continuation it is guaranteed that eq. (2.6) gives the correct answer.

Sometimes the condition that the integral at hand is convergent for at least some power-law
power spectrum cannot be met, and one has to use eq. (2.6) with some care. For example,
the function I(v1,1v2) vanishes if one of the arguments is zero (or a negative integer). Apply-
ing (2.6) blindly would lead in these cases to paradoxical results. For instance, after power-law
decomposition of the linear power spectrum, eq. (2.6) would imply

/0 " dg Pun(q) = 0, (2.7)

which is obviously the wrong answer. This is a consequence of the well known statement that in
dimensional regularization all power-law divergences vanish: |[ a ¢’ =03

Similar issues can appear in calculating loop diagrams. Luckily, for a ACDM-like cosmology,
they can be always easily fixed. Let us imagine that the integral we are interested in is divergent
for a given bias v. Then, if the integral diverges in the UV(IR), one has to find the UV(IR)
limit of the integrand. This can be easily done fixing all external momenta and sending the loop
momentum to infinity(zero). This limit always has the form of eq. (2.7) and it would be set to
zero by dimensional regularization. Therefore, to get the correct answer, one simply has to add
the UV(IR) contribution by hand. In the following sections we will give more details for each
specific case we consider.

Let us also point out that all UV divergences have a well defined momentum dependence. This
momentum dependence is the same as for the counterterms in the EFTofLLSS. Therefore, one can
proceed without explicitly adding the UV-dependent terms to the loop calculation. The only
effect of this choice is to change the usual values of the counterterms. In this sense we can say
that eq. (2.6) calculates only the “finite” part of the loop integral. As expected, the counterterms
absorb all UV-dependent pieces.

3More precisely, this integral is related to a delta function [15]. A change of coordinates relates

1 i
/qq%i% = 5500n) (2.8)

To get the consistent results one can use this equation. In practice, there is a much simpler way, as described in
the main text.



2.1 Symmetries of I(v1,1,) and Recursion Relations

Before moving on to applications, it is instructive to take a closer look at symmetries of the
integral in (2.5). For the one-loop power spectrum this is a straightforward exercise. We use
it to introduce some notation and derive a couple of results that will be very useful in more
complicated cases, such as the one-loop bispectrum or the two-loop power spectrum.

The most obvious symmetry of the integral (2.5) is invariance under the shift ¢ — k — q.
Consequently, the function |(v1, v2) is symmetric in v; and vy

|(V1,I/2) = |(V2,V1) . (2.9)

As we will see later, there are similar transformations for higher multiplicity /order diagrams
and they always lead to some permutation of parameters v;. We are going to call these kind of
identities translation formulas, because they are derived using translations in momentum space.

The integral (2.5) preserves its form under rescaling of momenta, but this does not lead to
any non-trivial condition on I(v1, 12). However, a more complicated rescaling, such as inversion
of momenta, does lead to interesting results. For simplicity, let us choose k to be a unit vector:
k= I%, 1%2 = 1. Under an inversion q — q/q? different factors in the integrand transform in the
following way

a3 . i — al?
S S | # (2.10)
q q
Using these transformations we can write
1 1
) = [ ot : , 211
( ) q q2y1 ’k _ q‘QVQ q q2(3_l/12)‘k _ q’2V2 ( )
which immediately implies the inversion formula
|(1/1, 1/2) = |(3 — V12, 1/2) . (212)

There is one more method to find nontrivial identities for massless loop integrals which is
based on the following relation between real and momentum space

LAY BN S ey a p—— 2.13
q21/ F(l/) - 1’3_21/ ( )

where fw =/ d3x. Let us illustrate the main idea behind this method. The starting point is to
close all external lines in order to form additional loops. This is equivalent to integrating over all
external momenta. For example, for the one-loop power spectrum we can start from

1 1
/k 3 l(vy,12) = /k’q ol g PR v (2.14)

Notice that this expression has a form of a two-loop vacuum diagram. We have chosen to multiply

|(v1, ) with the 1/k3 factor such that the whole integral is dimensionless. On the Lh.s. the
function I(v1,1v2) does not depend on k and the integral trivially reduces to

3
/kkli%'(”l’”?) :'(V17V2)(271T)3/623k- (2.15)



On the r.h.s. we can use (2.13) and integrate over ¢ and k. The momentum integrals lead to two
delta functions which can be used to do two integrals in real space. At the end of the day, we
are left with the following expression

1 /d?’k 1 TE -3 —v)l(vi2 —3) /dsﬂf
B 64n92 T ()3 — v12) a3’

|(I/1,I/2)( (216)

(2m)
from which result (2.6) immediately follows. As we can see, the one-loop two-point function
is simple enough that relation (2.13) is sufficient to fix its form. For higher multiplicity/loop
correlation functions this is not the case. The reason is that in those cases the real space integrals
are not trivial anymore. However, it turns out that they alway have the same structure as the
original momentum integrals. The only difference is that the parameters are shifted: v; — 7; =
% — ;. It follows that there is always an identity which relates two functions with parameters v;

and ;. We will refer to these identities as reflection formulas.

Finally, let us present recursion relations which connect functions whose parameters differ
by an integer. These relations can be always derived using the fact that the integral of a total
derivative vanishes. For instance,

9 4 )
— | —————]=0. 2.17
/q 8(11 <q21/1|k _ q|2u2 ( )

Expanding the derivative we find
(3 —2u] — 1/2)|(I/1, I/2) + 1/2“(1/1, Vo + 1) — |(U1 — 1,9 + 1)] =0, (218)

and a similar relation in which v and vy are exchanged. The importance of these identities is
that they relate different terms in the expansion of kernels, such as (2.4). As we will see in the
explicit calculations of P9 and P;3 diagrams, thanks to the recursion relations all terms in the
expansion of the kernels (for fixed 11 and 1v,) can be evaluated using a single function I(vq, v9).

2.2 Numerical Evaluation of the One-loop Power Spectrum

In this section we will apply eq. (2.6) to the calculation of the one-loop power spectrum. We will
first separately discuss P2 and Pz diagrams (see Fig. 1).

Pso diagram.—Let us begin by reviewing some properties of the Psy diagram in a cosmology with
Py (k) ~ kY. In particular, we are interested in finding the powers v for which the integral is
convergent. In order to do that we have to find the asymptotic form of the integrand in the UV
and the IR regime. The behavior of the F> kernel in these two limits is

k

2
Fz(q,k—q)%?, q— 0. (2.20)

It follows that Py diagram is convergent if —1 < v < 1/2. If we choose bias in FFT to be in
this range, then the integral in Py is finite for each term in the sum (1.1) and using (2.6) we are
guaranteed to get the same answer as with the usual numerical evaluation.
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Figure 2. Two contributions to the one-loop power spectrum calculated using direct numerical integration
and eq. (2.23) and eq. (2.31) as described in the main text. Both plots are produced using v = —0.3,
N = 150, kmin = 107° hMpc ™! and kmax = 5AMpc L. For these values of parameters the sum of two
terms differs from the numerical one-loop power spectrum by less than 0.1% at all scales.

Before turning to results, let us write the explicit formula for Py diagram. Using (1.1)
and (2.4) we can write the approximation to the P,y diagram in the following way

3, —2(n1+n 1
P22(k?) =2 Z Cm;y Cma Z fgg(nl,nz)k 2(n1+ 2)[1q2V1—2n1’k_q|2V2—2n2 . (221)

mi,m2 ni,n2

In this expression ¢, and ¢, are the coefficients in (1.2) and n; and ny are integer powers
of ¢* and |k — q|? in the expansion of F}(q,k — q). Corresponding rational coefficients in this
expansion are labeled by fo2(n1,n2) and they can be read off from (2.4). The complex numbers
v1 and vy are given by

vi=—5(v+ing) and vy = -5+ inm,) - (2.22)

Using the solution for the momentum integral, expression (2.21) can be further simplified and
written in the following way

ng(k) = kg Z lek_Qul . MQQ(I/l,I/g) . szk‘_QVQ s (2.23)

m1,ma
where the matrix Mas(v1,v2) is given by

(% — 1/12)(% — 1/12)[1/11/2(98V%2 — 1419 + 36) — 91V122 + 312 + 58]

Moo (v, 10) =
22( ! 2) 196V1(1 + l/1)<% — Vl)l/g(l —i—l/g)(% — VQ)

|(I/1, I/Q). (224)

As we already pointed out, only a single function I(v, v2) is sufficient to calculate the full diagram.
Thanks to the recursion relations (2.18), all terms from the expansion of F, kernels are encoded
in the v-dependent prefactor in matrix Mo (v, v2).

One can use eq. (2.23) to calculate the Py diagram. The result is shown in Fig. 2. As expected,
the agreement with the usual numerical integration is excellent. An important thing to notice



is that the only cosmology dependence in (2.23) is in the coefficients ¢,,. For a given number
of sampling points N, bias v and kpin and kpax, the matrix Mog (v, v2) is fixed. This means
that it can be calculated only once and saved as a table of numbers. The evaluation of the Py
diagram for an arbitrary cosmology then boils down to doing one FFT to determine coefficients
m, calculating a vector ¢, k~2” for each k and a simple matrix multiplication (2.23).

So far we restricted ourselves to biases in the range —1 < v < % Outside this range one has to
be more careful because the integrals are not convergent anymore and eq. (2.6) is not guaranteed
to give the correct answer. For example, for biases v < —1 the integrals are divergent in the
IR. The leading piece of the Py diagram in this limit can be calculated by fixing k and sending
q — 0 in the integrand. The result is

PiR(k) = Pin(k)k*o? (2.25)

(2

where 02 = -1, [*°dq Pin(q). The integral in o

v — 672 JO

the final answer. Therefore, to get a correct result, one simply has to add PiR(k) to eq. (2.23)

2

2 would be set to zero by eq. (2.6) and missed in

at the end of the calculation. Notice that we have kept only the leading IR divergence, which
is enough for biases in the range —3 < v < —1. If the bias was even smaller, one would have
to keep track of sufficient number of subleading IR divergences. Similarly, when % <v< %, the
leading UV divergence that has to be added on the r.h.s. of eq. (2.23) to get the correct result is

9 > Pin(q)
Py (k :k4/ dg—"-> . 2.26
52 (k) 19672, q o (2.26)
However, for very high or low values of biases, the momentum range (kpin, kmax) has to be very
wide for the integrals to converge to correct values. This implies a large number of frequencies
and it is not practical.

P53 diagram.—The asymptotic behavior of the F3 kernel in the UV and the IR limit is the same

kZ
Fs(q,—q,k) — ? , qg—0 or ¢g—o0. (2.27)

Consequently, P35 diagram is divergent in the UV for v > —1 and divergent in the IR for v < —1.
In other words, Pi3 diagram is never finite in a power-law cosmology. For v > —1, the only
possible mismatch between the true answer and eq. (2.6) comes from the UV part of the integral.
For fixed k and taking the limit ¢ — oo

61
Pltzj%v(k) = —ﬁﬂin(q)kzaﬁ . (2.28)

On the other hand, for v < —1, the possible error comes from the IR limit*

Pl (k) = — P (k)k?o7 . (2-29)

v

As we already mentioned, in dimensional regularization this type of the integrals would be set
to zero by (2.6). This implies that to get the correct values for P;3, depending on the choice of
bias, we have to add either the UV or IR term by hand. Notice that here we are writing down

10
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Figure 3. Two contributions to the one-loop power spectrum calculated using direct numerical integration
and eq. (2.23) and eq. (2.31). Both plots are produced using v = —1.6, N = 150, kyin = 3 - 10~* hMpc™*
and kmax = 180 hMpc~t. For this value of bias both Py and P35 are very different from their standard
values.

only the leading IR and UV parts of the P;3 diagram. For biases v < —3 or v > 1, one would
have to include the corresponding subleading terms as well.

Let us see how the formulas above work in practice. With the same notation as for the Pso

diagram, we can write

D —2(n14n 1
Pr3(k) = 6Pin(k) > cm, Y fiz(na,ng) k2T 2>[1q2V12n1|k_q‘2n2 . (2.30)
my

ni,n2

Solving the momentum integral, this expression can be further simplified

Pia(k) = K Pin(k) Y cm k™" - Mig(1) (2.31)

mi
where the vector Mi3(v) is given by

1+ 91 tan ()
4 287(v1 +Dii(vn — 1) (v —2)(1h — 3)

M13(V1) = (2.32)
Notice that to eq. (2.31) one has to add the UV or the IR part of the integral. For example,
for v > —1, we plot the result in Fig. 2. As expected, once P3V (k) is added to eq. (2.31), the
agreement with the usual numerical result is excellent.

The full one-loop power spectrum.—So far we were trying to reproduce the usual numerical results
for separate pieces of the one-loop power spectrum. However, only their sum is a well defined
observable. Thanks to the Equivalence Principle the IR divergences cancel and the total one-loop
power spectrum is convergent for the range of power laws —3 < v < —1 [14]. This means that
with the choice of bias in this range, the formulas above should lead to the correct answer for

4Notice that P13 diagram has two IR divergences ¢ — 0 and q — k, which are combined in a single expression.
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Pi_i60p(k), without having to deal with the IR divergences explicitly. In Fig. 4 we plot the one-
loop power spectrum calculated in this way and show that our method indeed agrees with the
usual numerical result. As expected, the separate terms Pi3 and P»y are rather different from
their usual values (see Fig. 3). However, the “mistake” that eq. (2.6) makes in assigning some
finite values to divergent integrals has to cancel between the two contributions in the same way
the IR divergences cancel. Indeed, the IR limit of the Py diagram is exactly the same as the IR
limit of Pj3 diagram, but with the opposite sign (see eq. (2.25) and eq. (2.29)).

10*

1000

100

P (k)|

10

----- P1_i00p POWeETr laws, v=-1.6

P1_i00p Numerical

0005 0010 0050 0.100 0500
k [h Mpc™"]

Figure 4. The full one-loop power spectrum calculated summing up contributions from Fig. 3.

In conclusion, the one-loop power spectrum can be easily calculated using decomposition (1.1).
For practical applications, the most optimal choice of bias is in the range close to zero —0.5 <
v < 0 because it requires the least number of frequencies to reproduce the linear power spectrum
on relevant scales. For this range the Pyo diagram can be evaluated directly applying our method.
To get the correct Pj3 diagram, one has to add PV term to the r.h.s of eq. (2.31).

2.3 One-loop Power Spectrum of Biased Tracers

The method described above can be also applied to the one-loop power spectrum of biased tracers
[16-19] (for a review see [20]). In this section we give explicit formulas for all relevant one-loop
contributions. We will follow the notation of [18].

The density contrast of biased tracers, such as the dark matter halos dy, is a local function
of the underlying dark matter field. The functional dependence is expressed through all possible
operators built from the tidal tensor 9;0;® (and its derivatives), where ® can be either gravita-
tional potential ®, or velocity potential ®,. These two potentials are the same at leading order in
perturbation theory but starting from second order they differ. To calculate the one-loop power
spectrum of biased tracers one has to keep in bias expansion all operators up to third order in

12



perturbation theory®

b b
Sp = b10 + 5252 + bg,Ga + 6353 + by Gs + b(Gy5) 20 + bryTs . (2.33)

The operators Go, G3 and I's are defined as

G2(®) = (9;0;®)? — (0°®)? , (2.34)
G3(®) = —0,0;9 0,0, P 0.0, ® — %(82@)2 + g(aiajéﬁa?qs , (2.35)
F3(q)g, q)v) = g2(q)g) - g?(q)v) . (236)

However, only four renormalized operators contribute to the one-loop power spectrum. These
are 6, [6%], [Go] and [['3]. The final answer is given in terms of four corresponding renormalized
bias parameters and six different momentum integrals [18]

104 104
1000¢ 1000
= 100+ = 100
o
10+ 10 .
'/ ----- Is, power laws, v=-1.6 S Fg, power laws, v=-1.6
,:' Fg, numerical é"/ « Fg, numerical
1 ',',.-“\‘ ',' E 1 E
~ \
-~ L . . . . . . . .
0.005 0.010 0.050 0.100 0.500 0.005 0.010 0.050 0.100 0.500
k [h Mpc™] k [h Mpc™"]
10tk 104
1000¢ 1000
= 100¢ = 100
o
10} -"'I.‘ Pin | 1oL /' —— Pin
'/" ----- Is, 5,~1s, 5,(0) power laws, v=-1.5 / ----- I, s, power laws, v=-1.5
04 rd
hi ."," « s, 5,-1s,5,(0) numerical ] nl /'.‘ - lg,, numerical ]
0.005 0.010 0.050 0.100 0.500 0.005 0.010 0.050 0.100 0.500
k [h Mpc™] k [h Mpc™]

Figure 5. Four different contributions to the one-loop power spectrum of biased tracers. All plots are
produced using v = —1.6, N = 150, kyj, = 107° hMpc_1 and kpax = 5hMpc_1. For these values of
parameters the difference with respect to the usual numerical calculation is less than 0.1% at all scales.

b

®Notice that [18] is using bs, = % and bs, = 2.

2
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Ph(kaT) :b%(Plin(kaT) + Pl—loop(kaT))

4
+ b1bs Ls2 (k‘, 7‘) + 2b1bg2 Ig2 (/{3, 7’) + <lebg2 + 5b1br3> fgz (k‘, T)

1 1
+ Zbg Tses2(k, 7) + b3, Ig,q, (k, 7) + §b2bg2 Ts,g, (K, T) . (2.37)

In principle, at this order in perturbation theory one has to add higher derivative operators such
as 0%5. However the contribution from this operator is trivial and it does not lead to a loop
integral.

The time dependence of all momentum integrals in Py, (k, 7) is D(7)*. The explicit k-dependences

Ls2(k) = 2/‘1F2(q,k — @) Pin(q) Pin(|k — g) , (-3<v<-1)  (238)
70,09 =2 [ ek @Rak - OPu@Pulk—a).  (B<r<d) 25
Fo, (k) = 4Py (k) /q o2(q. k — q)Fs(k, —q) Pin(q) (C3<v<—1)  (240)
Ty (k) = 2 / Pin(@) Pin (1K — al), (3<v<-3)  (241)
Lg,6, (k) = 2[1(02(q, k — q))*Pin(q) Pin(|k — ql) , (-3<v<i) (242
T (k) = 2 /q 02(q, % — @) Pin(q) Pin([K — ), (C3<v<-l) (243

where 02(k1, k2) = (k1-k2/k1ko)? — 1. For each term we give a range of power laws for which the

integral is convergent. Following the same steps as in the case of the one-loop power spectrum

of matter fluctuations, we find that matrices analogous to Mss and M3 are given by

(3 — 21/12)(4 — 71/12)
171/11/2

(3 - 21/12)(1 - 2V12)(6 + 71/12)

MZ(SQ (1/1, VQ) = |(l/1, V2) N (244)

M- = — | 2.45
Ig2 <V17V2) 28V1(1+V1)V2(1+V2) (1/171/2)7 ( )
15 tan(vy )
M = — 2.46
75, (1) 287 (1 + D)y (1 — 1) (1 — 2)(vy — 3) (246)
MZ<5262 (1/1, VQ) == 2'(1/1, VQ) 5 (247)
(3 - 2V12)(1 — 2V12)
M- = | 2.4
IQQGQ(V17V2) V1(1+V1)I/2(1+V2) (V17V2)7 ( 8)
3—2v
MI§292 (Vl, VQ) = 7212 |(l/17 Vg) . (249)

In Fig. 5 we plot some of the shapes and compare our method with the standard numerical
evaluation. Notice that for Zs252(k) shape we subtract the constant shot-noise part and plot just
the difference Zs252 (k) — Zs252(0). This difference is convergent even for v > —3.

One important point to make is that the full one-loop power spectrum of biased tracers requires
only a single function I(v1, ) with a single bias in the range —3 < v < —%. This range can be
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extended to higher biases by adding the corresponding UV parts of the integrals in the same way
as for the matter power spectrum.

3 One-loop Bispectrum

In perturbation theory there are four different diagrams that contribute to the one-loop bispec-

trum and their sum can be schematically written like [8, 13, 21, 22]
Bi-1oop(k1, k2, ks, 7) = D*(7)[Bazz + Biy; + Bi3, + Bai] - (3.1)

From translational invariance it follows that ki + ko + k3 = 0. The individual terms in square
brackets are given by the following integrals

Bagy = 8/F2(q7 ki —q)Fy(ki —q, ka2 + q)Fa (k2 + q,—q)
q

X -Plin(q)Plin(|k1 - q‘)Phn(|k2 + QD ) (32)

By = 6P (k1) / F3(q, k2 — q,—k1)F2(q, k2 — q) Piin(q) Piin(|k2 — q|) + 5 perms , (3.3)
q

Bl = Fy(ky, ko) Pin (k1) Pi3(k2) + 5 perms | (3.4)
Byi1 = 12Pjin (k1) Pin (k2) / Fy(q,—q,—k1,—k2)Pin(q) + 2 cyclic perms . (3.5)
q

The diagrammatic representation of all these contributions is shown in Fig. 6.

B411 B222

1
B321

Figure 6. Diagrammatic representation of four contributions to the one-loop bispectrum.

To evaluate the one-loop bispectrum we can follow the same steps as for the one-loop power
spectrum. After expanding the kernels and decomposing the linear power spectrum in power
laws, all terms in the sums are proportional to the integral of the following form [13]

1 .
= k772 J(vy, v9, 0352, y) 3.6
/qq2”1|k1 —qPrlksrqrs ) (3.6)
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where z = k3/k? and y = k3/k}. Parameters vq, v2 and v3 have the same form as before
(see (2.22)). The overall scaling of the integral with momentum is fixed and here we choose to
express that scaling in terms of k. The rest defines a function J(v4,v9,vs; 2z, y) which depends
only on the ratios z and y. Triangle inequality |ko — k3| < k1 < ka2 + k3 implies that the physically
allowed region in (x,y) plane is given by inequalities |\/x — /y| < 1 and /z + ,/y > 1 and
we will focus on evaluating the function in this region (see Fig. 7). Before giving the explicit
expression suitable for numerical evaluation we present some important symmetry properties of
J(v1,v9,v3;2,y) which can be derived from its integral representation.

4 2.0
3 1.5
>9 E: 1.0
0.5
2 3 4 0'8.0 0.5 1.0 15 2.0
X kalkq

Figure 7. Left panel: Domain of J(v1, v9, v3;x,y) allowed by the triangle inequality. Six different regions
correspond to six permutations of external momenta. All bispectrum configurations can be evaluated
focusing on one of these regions. For example, in this paper we choose x < y < 1 which corresponds to
ks < ko < k1. Solid lines split the domain in three different parts that will be relevant for the evaluation of
the two-loop power spectrum (see Section 4.2). Right panel: The same as left panel in more conventional
variables k3/ky and ko /k;.

3.1 Symmetries of J(v1,19,v3;2,y) and Recursion Relations

As in the case of the one-loop power spectrum, the simplest identities follow from shifts of the
momentum g. There are two basic translation formulas for function J(v1,vs, v3;x,y). The first
one follows from q — k1 — q and reads

J(V17V27V3;$7y):J(V27V17V3;y7x) . (37)
If we do a different shift, g — q — ko, we get

J(v1, v, v35 2, y) = 2/ 1128 (vg,vo, 113 2, 2) (3.8)
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These two formulas are sufficient to generate identities involving all six permutations of param-
eters vq, o and v3. These are

J(UlaVQ)V?);xvy) =J (1/271/17113;y,$)
:m3/2_V123J (V37 Vv, V1, %a %) = $3/2_V123J (VQa V3, Vi, %7 %) (39)

3/2— 1 32— Lz 1
=y3/2 72 (V37V1,V2, n %) = y3/2 2 (V17V3,V2, %@) :

An intuitive way to understand these symmetries is to realize that they map k1, ko and ks into
each other, preserving the shape of the triangle. The six equations then correspond to nothing
other but six possible permutations of three external momenta. From another point of view,
for evaluation of the bispectrum we can always choose a small “corner” in the (z,y) plane (see
Fig. 7). The choice that we make in this paper is * < y < 1 which corresponds to the following
ordering of momenta: k3 < ko < k7.

Let us now derive the inversion formula for J(v1, v, v3; z,y). We can start from

1
g2 |ky — Q|2”2|\/@’232 +q|2s

I, v2,v332,y) :/ (3.10)
q

where ki and ko are unit vectors. Under inversion q — q/q¢*, apart from transformations de-
scribed in (2.10), we also get

lViks + q)* — %|l%2/\/§+q|2. (3.11)

The whole integral then changes to

y "
Jvi,ve,v352,y) = / - - : (3.12)
q 32 ky — q[*2|ka/\fy + q|*

It is easy to read off the inversion formula from this expression. One only has to keep in mind
that, due to \/y appearing in the denominator in the last term, the arguments of the function
change to % and % We finally get

J(V17V2, V3;967y) =y ) <3 — V123, 2, V3; 57 %) . (3~13)

Combining this inversion formula with translation formulas (3.9), we get a set of three identities
for functions evaluated at the same point (x,y)

I, va,vs52, ) =232V J(v3,3 — 193, 113 2, Y)
— g3/2-ves y3/2_”13 J(v2,v1,3 — vi93; 2, y) (3.14)

= y3/27”13 J(3 —vi23, 13,1952, ) .

When v193 = 3 the previous equation implies

(w1, v2,3 — v1g) = a2V 327V (1) 1) (3.15)
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This expression is sometimes referred to as the star-triangle duality. The condition v195 = 3 does
not correspond to a generic situation but it can be used to derive another generic formula for
J(v1,v9,v3;2,y). The idea is to “split” one of the parameters using the one-loop integral, such
that v103 = 3 is satisfied. For example, we can choose to write

1 1 1
= . 3.16
k2 +al®s (123 — 5,3 — v12) /s 5212573 |key + q — [0 2112 (3.16)

Now one can start with the integral representation of J(iv4,v9,v3;2,y) and use the previous
formula. Notice that we have chosen parameters such that the integration in g can be then easily
done using (3.15). The remaining integral in s has again the form of the one-loop bispectrum.
Following these steps one derives the star-triangle formula

2 T T2 I, 71,3 — 119357, y) (3.17)

. _I'm)Tr
J(Vl,VQ,Vg,.T,y) — T(n

~|—

where 7; = % — v;. Finally, using the method described after eq. (2.13), it is possible to derive
the following reflection formula

D(1) D(92) D(73) D(3—D123) 3/2—V23y3/2—u13J(

J(v1,v2, V352, Y) = 0.5 Tios) Tlos) T3—v1as) U1, U2, U35, Y) - (3.18)

This is not an independent relation because it follows from eq. (3.14) and eq. (3.17).

For arbitrary choice of v eq. (3.14) and eq. (3.18) are not very useful, because they relate two
functions with two different biases. However, there are some special choices of v for which this is
not the case. Let us remember that, up to an integer, the structure of parameters is

1% .M
Vi=———1—", 3.19
L (3.19)
which implies
3 v N,
2, Jgmi 3.20
viZg gty (3:20)
Up to an integer, the transformation v — © does not change the bias if v is a odd integer multiple
of —%. For example, let us imagine that v = —%. In this case
3 . i ~ 3 - 7
vi=g- /7;” = n=] +z"’; . (3.21)
In other words, for v = —%, U; is just a complex conjugate of v;. For example, assuming v = —%,
the reflection formula becomes
. _ T'(#1—m1) D(#2—n2) I'(3—n3) I'(3—v123+n123)
J(W1 +na,va + 02, Vs 4 1359, Y) = T T, Tog ) Tws Frs) T3 vz —miras)
x ¥/ 3TvasTnas BTG I (1) — g v — ng, vy — n3i L Y) (3.22)

where n; are integers coming from the expansion of the kernels. This equation provides a simple
relation between two functions in the same point and with the same parameters, but with the
opposite sign of integer part of v;. For example, such pairs of functions do exist in the expansion
of kernels in B9go and each of them can be calculated for the price of a single evaluation. Similar

identity can be derived for v = —% and the same conclusions apply to a set of formulas (3.14).
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Let us conclude showing that the function J(vy, v, v3;2,y) satisfies a set of recursion rela-
tions [23]. As in the case of the one-loop power spectrum we can start from the following identity

0 i >
—_— =0. 3.23
/qaqz» (g rar (3.23)

After expanding the derivative in the integrand, the previous equation can be rewritten as

vod(vi,va + Lvs) + v3y J(v1, e, v3 + 1) =
(V1 + V193 — 3)J(l/1, vy, V3) + 19 J(I/1 — 1,9 + 1, 1/3) + v3 J(I/1 —1,vo,v3 + 1) , (3.24)

where we suppressed the (x,y) argument in all functions to avoid clutter. There are two other
similar expressions that can be derived replacing ¢; in the numerator of the integral in (3.23)
with (k1 — q); or (k2 + q);. These are

v J( + Lvg,vs) + v3z J(vy, 10,3+ 1) =

(Vg + V193 — 3)J(V1,V2, Vg) + 11 J(V1 + 1,19 — 1,1/3) + v3 J(Vl, vo—1,v3 + 1) , (3.25)
vy + 1, va,v3) + vox (v, v0 + 1,13) =
(v3 4+ vi23 — 3)J(v1,v2,v3) + 1 J(1 + Lo, vz — 1) + o (g, 0 + Lz — 1) . (3.26)

Notice that we wrote these equations such that the sum of the arguments in each function on
the Lh.s. is v123 + 1 and the sum of the arguments in each function on the r.h.s. is r193. This
splitting suggests the following interpretation of the recursion relations. They can be thought of
as a system of three linear equations where three unknown functions are those in which one of

the parameters is increased by 1. If we denote the r.h.s. of previous equations with A;, Ao and
Az

A1 = (V1 “+ V1923 — 3)J(1/1,V2, Vg) + 1y J(V1 — 1,09 + 1,1/3) + v3 J(l/1 — 1,V2, v + 1) , (3.27)
Ay = (VQ + V193 — 3)J(V1,V2, V3) + 1 J(Vl + 1,00 — 1,V3) + v3 J(Vl, vog —1,v3 + 1) , (328)
Az = (1/3 + V193 — 3).](1/1, v, Vg) + 11 J(l/1 +1,v9,v3 — 1) + 9 J(I/l, vo+ 1,03 — 1) , (329)

then the solution of the system is given by [23]

1
Jn + 1,va,v3) = ——(— Az + Agy + 43) |

2v1y
J(Vl,V2+1,V3) = @(Alx—Agy—i-Ag) s (3.30)
1) = A Asy — As) .
J(v1, 0,34+ 1) 2u3xy( 1T + A2y 3)

In other words, seven different functions whose parameters live on the plane v193 = const. deter-
mine three extra integrals on the plane r123 + 1 = const. These identities are very useful. For
example, in the expansion of kernels in Bsoo they reduce the number of independent terms by
roughly a factor of 2 (from 72 to 38). They are also very important for simplifying the two-loop
calculation as we are going to see in the following sections.
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3.2 Evaluation of J(vy,vo,vs;2,y)

After making these general remarks based on the integral representation, let us turn to the explicit
expression for J(vi,ve,v3;2,y). Unlike I(v1, 12), this function cannot be simply expressed in a
closed form in terms of gamma functions. Starting from (3.6) and using Feynman parameters we
get (see Appendix C)

1 F (1/123 — %)
813/2 T'(v1)(v2)T (v3)

1 1 vi—1(1 _ o\va—1,1/2—vs(1 _ \ws—1
X/ d“/ a v Lo v RE G
0 0 (w(l—u)+ul -y + (1 —u)(l—ov)z) ="

J(Vla V2, V3; l’,y) =

The expression on the r.h.s. belongs to the class of hypergeometric functions of two variables. In
particular, J(v1,vo,v3;,y) can be written as a linear combination of Appell Fy functions [23].
These special functions can be evaluated using their series representations. The region of con-
vergence is given by /r + ,/y < 1, which unfortunately covers only the unphysical part of the
(x,y) plane. As usual, this kind of problems can be circumvented by performing the analytic
continuation. This can be done in several ways, depending on the region of parameter space that
one wants to cover [24]. Although all results are formally equivalent and can be related to each
other, distinct expressions can be very different from the point of view of practical calculation.
A series representation of J(v1, v9, v3; x, y), optimized for numerical evaluation of the bispectrum,
is given by the following formula

) — sec(mrag)
J(vi,va,0352,y) 8\/77'F(1/1)F(V2)F(V3)F(3 — v123)

p3/2vas an(vy,vo,13) - 2" oFy (11 +n,2 — 19+ 1,3 — o3 +2n,1 —
n{V1,V2,V3 267 (1 ) 2 ) 23 ) Y

n=0

oo
32 Z an(D1, 02, 03) - 2" oFy (D1 41,3 =i +n,3— o3 +2n,1—y)| , (3.32)

n=0

where

T 4+n)TB—rvis+n) 03 —vs+n)(3 — 10 +n)

3.33
F(g —1/23—|—n) n! I'(3 — 193 + 2n) (3.33)

an(vi,v2,v3) =

The functions o Fj(...,1 —y) that appear in the result are standard Gauss hypergeometric func-
tions. We review their definition and some important properties in Appendix A. The derivation
of eq. (3.32) is given in Appendix C.

Let us make some comments about expression (3.32). The first thing to notice is that the series
is always convergent if we restrict ourselves to the region x < y < 1. The minimal allowed value
of 1 — y in the given region is %, which corresponds to folded triangles. The smaller 1 — y is, the
easier it gets to calculate the hypergeometric functions using their power series representation.
For higher values of y and smaller values of x the convergence is very fast. In the limits of x — 0
and y — 1, corresponding to squeezed triangles, only a few terms need be kept in the sum.
The slowest convergence is for high values of x. The limiting case is x = 1 and y = 1, which
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corresponds to equilateral triangles. Even in this case only a relatively modest number of terms,
~ O(50), need be kept in the sum to reach satisfactory precision.

Another important point to keep in mind is that dependences on x and y are explicitly sepa-
rated in our formula. Furthermore, the z-dependence is trivial. This means that in practice, for
a given y, calculation for any k; and x can be done evaluating the hypergeometric functions only
once. This can speed up any full bispectrum calculation significantly.

There are additional optimizations which can exploit many well-known properties of hyperge-
ometric functions. One such property is that o Fy(a + ni, b+ na, ¢ + ns, z) for any set of integers
(n1,n2,n3) can be always written as a linear combination of just two hypergeometric functions
such as, for example, o F(a, b, ¢, z) and 9Fy(a + 1,b, ¢, z). Using this property one can prove the
following recursion relation® [25]

¢(1—a—b—2n)+2ab—2n(n—1 a+n)(b+n)(c—a+n)(c—b+n) 2
Jn—1=fn+ (ct2n )2)( +2n)( )an _ (t):(+2n))2(((c+2n))2(71) )Z fn+1 (3.34)

where f, = 2Fi(a + n,b+ n,c+ 2n,z). This equations gives a way to recursively calculate all
hypergeometric functions in the power series of (3.32). In practice one should exercise some
caution, as certain values of arguments in this recursion relation can be numerically unstable.

In some special cases eq. (3.32) further simplifies. For example, for the case of isosceles trian-
gles, y = 1 and all hypergeometric functions are equal to one. As expected from the symmetry
properties in (3.9), the result in this case becomes symmetric in v and vs.

Finally, let us point out that if one of the parameters is a negative integer or zero, the sum
in (3.32) truncates. To see this explicitly, consider 1 = —N, with N > 0 a non-negative integer.
In the limit v; — —N, 1/I'(v1) in the normalization goes to zero. If there were no terms in the
sum which diverge in the same limit, the result would be zero. The hypergeometric functions
are always regular. Therefore, we have to look at the coefficients. By inspection we see that all
an (01,02, 03) coefficients are regular as well. The only divergence comes from I'(v; + n) in the
coefficient a,,(v1,v2,v3), for n < N. Given that

W — (- )nm , (3.35)
we can rewrite the final answer in the following way
J(=N,vo,vs;2,y) = (—1)N+18r$i“e(czfgl;2€?3 ifcj\(/ﬂigz%)
g: Nz:n 1)mtn F(% —va+n+m) p3/2—vastn ﬂ . (3.36)
nOmON m—n)‘F(f—l/23+n) (v3— N —1+m) n! m!

In conclusion, when one of the arguments of J(v1,v9,v3;2,y) is a negative integer or zero, the
function becomes a simple polynomial in z and y of degree N. If two of the arguments are
negative integers or zero, then the function vanishes.

5Notice that in equation (10) of reference [25] there is a typo. The sign between the two terms in square brackets
should be + instead of —.
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3.3 Numerical Evaluation of the One-loop Bispectrum

Let us now turn to the numerical evaluation of the bispectrum. We will consider each term

in (3.1) separately.
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Figure 8. Equilateral Byss diagram as a function of k. The calculation is done with bias ¥ = —0.25 and

N = 50 sampling points for the power spectrum. This is enough to reach the sub-percent precision.

Boog term.—We begin with the Bogs contribution. We will fist find the range of biases for which
the integral is convergent. Two of three Fy kernels, have the same structure and asymptotic
behavior as in the Pa diagram. The third kernel tends to O(1) constant in the ¢ — 0 limit. In

the UV limit 5

k
FQ(k1*Q7k2+Q)H?a q—00. (337)
Combining all these limits it follows that the integral in Bage diagram is convergent for power
laws in the range —1 < v < 1. Therefore, choosing a bias close to zero, we expect our method to

reproduce the results of the usual numerical integration. After expanding the kernels and linear

power spectra in power laws, we can write the result as a matrix multiplication
BQQQ(kl, kQ, kg) = k:f Z MQQQ(Vl, Vo, V35T, y) . le /{fmjl . Cm2kf2y2 . Cm3kf2ys N (3.38)
m;
where the matrix Maaa(v1, V2, v3;x,y) is given by
Moo (vi,va,v3;2,y) =8 fasa(nn, na, ngs,y) Jv1 —na,va —ng,v3 —ngia,y) . (3.39)
n;

As before, ¢, are the coefficients of the expansion (1.2) and nj, ny and n3 are integer powers of
q?, |k1 — q|? and |ks + q|? in the expansion of the three kernels in the integrand. The rational
coefficients in this expansion are labeled by fa92(n1,ne, n3;x,y). We give the explicit expression

for Moo in Appendix B.
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Let us make a couple of comments about the formulas above. As in the case of the one-loop
power spectrum, the evaluation of the bispectrum boils down to a simple matrix multiplication.
The matrix Mago is cosmology independent, so it has to be calculated only once. Notice that
Moo depends only on the shape of the triangle formed by the three external momenta, and not
on its absolute size. It is clear from eq. (3.38) that for fixed x and y one can calculate all triangles
with different ki using the same Mags. The size of this matrix is N3, where N is the number
of sampling points of the linear power spectrum. In practice, in order to reach the sub-percent
precision, it is enough to use O(50) points. We plot the Bago diagram in Fig. 8 and as expected
it is in a very good agreement with the usual numerical evaluation.
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Figure 9. Equilateral Bi,, diagram as a function of k. The calculation is done with bias v = —0.25 and

N = 50 sampling points for the power spectrum. This is enough to reach the sub-percent precision.

Bl,, term.—Let us now turn to Bl,; diagram. The asymptotic behavior of the F3 kernel in the
integrand is the same in the UV and the IR

k
F5(q, ke — q,—k1) — 6 g—oc and ¢—0. (3.40)

Therefore, the integral is convergent for power laws in the range —1 < v < 0. For small negative
bias we can use our method without dealing with the possible UV divergences. As in the previous

case we can write

Bg{zl(lﬁ, ko, kg) = k:fﬂin(kl) Z M321(1/1, V2; T, y) * Cmy kl_QVI . Cm2kl_2y2 + 5 perms , (3.41)

m;

where the matrix Mso1(v1,v0;x,y) is given by

Msoi(v1,va52,y) = 62]”321(711,”2,?%3;9079)“' ST, Y) (3.42)

ng
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We do not explicitly specify the argument because v; and v, can be at different positions in
different terms. The explicit form of the matrix can be found in the Mathematica notebook file

associated with the preprint of the paper on arXiv.

The same conclusions as in the previous case apply here as well. The matrix Msza; is cosmology
independent and has N? elements. This makes it numerically much less challenging than Maos.
In Fig. 9 we compare our method for N = 50 sampling points in the power spectrum with the
usual numerical evaluation and find an excellent agreement between the two.
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Figure 10. Equilateral B4y, diagram as a function of k. The calculation is done with bias ¥ = —0.25 and

N = 50 sampling points for the power spectrum. This is enough to each the sub-percent precision.

By11 term.—Unlike for previous diagrams, the By integral does not converge for any bias. The
situation is similar to Pj3 diagram and the problem can be solved in a similar way. For small
negative biases the integral is UV divergent. Therefore, to get the usual numerical result, one
has to add the UV part of the loop integral which is given by [21]

—Plin(k2)Plin<k3)U2
BUV — _ v (12409 kS 4 20085 kX(k2 + k2
411 226330 k2k2 1+ 1 (k3 + k3)

— k2 (44518 k5 — 76684 k2k2 + 44518 ki) + 12024(k3 — k2)2 (k3 + k§)> + 2perm. (3.43)

As in the case of the power spectrum, dimensional regularization would set these terms to zero.
As expected, the structure of the UV part of the Byj; diagram is such that it can be reabsorbed
by the bispectrum counterterms in the EFT approach to LSS [21, 22].

The regular terms can be organized in a vector My4;; which has N elements and is cosmology
independent. The approximation to the B4;; diagram can be then written as

Bur1 (k1 kg, k) = K Pin (k1) Pin (k2) > Muni (vi 2, y) - cmky ™ + 2 perms ,  (3.44)

m
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where
M (viz,y) = 12Zf411(n1,n2,n3;x,y)J(- iTLY) (3.45)
n;
The explicit form of this vector can be found in the Mathematica notebook file associated with

the preprint of the paper on arXiv. In Fig. 10 we find an excellent agreement of our method
(including Bj}Y terms) with the usual numerical evaluation.
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Figure 11. Equilateral one-loop bispectrum as a function of k. The calculation is done with bias v = —0.25

and N = 50 sampling points for the power spectrum. With these parameters it is possible to reach sub-
percent precision on all scales.

The full one-loop bispectrum.—In Fig. 11 we plot the equilateral bispectrum as a function of &
and compare our method with the usual numerical result. Given that typically there are no large

cancellations between different diagrams, we achieve a similar precision for the full result as for
each individual term in the sum.

In summary, for each bispectrum shape given by ratios x and y, one has to calculate three
matrices Maga, M3z and Myi1. These matrices have N3, N2 and N elements respectively where
N ~ O(50) is sufficient to achieve sub-percent precision on relevant scales. Computation of
these matrices is relatively fast and it can be further optimized using properties of hypergeo-
metric functions. The most practical approach for data analysis is to precompute all matrices

and evaluate the one-loop bispectrum with different cosmological parameters as a simple matrix
multiplication.

4 Two-loop Power Spectrum

Now we can turn to the most complicated case of the two-loop power spectrum. There are four
different contributions at this order in perturbation theory [4, 8] (for the EFTofLSS treatment of
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the two-loop power spectrum see [26-29))
Pa-toop(k, ) = DU(7)[Pi3(k) + P33 (k) + Paa(k) + Pr5(k)] - (4.1)

The explicit form of the four terms in the square brackets is

Pis(k) = 9Py (k) /

kaAL—qﬂﬁaq[/faekdx—pﬂadpm (4.2)
q

p

P (k) = 6/ / F3(q,p,k —q—p)F3(—q,—p,q + p — k) Pin(¢) Pin(p) Pin([k —q — p|) , (4.3)
qJp
Poy(k) = 24/ / Fy(q,k — q)Fy(p, —p, —q,q — k) Pin(q) Pin(p) Pin(|k — ql) . (4.4)
qJp

Pi5(k) = 30 (k) / / Fs(k,q,—q,p, —P)Piin(q) Pin(p) - (4.5)

The corresponding diagrams are shown in Fig. 12. In the first contribution, P:,{S(k), two integrals
have the same structure as the Py3(k) part of the one-loop calculation. In other cases the integrals
are not separable.

After expanding kernels and linear power spectra in power laws, all terms in the sum can be
written in the following form

= koM Ky, ... us) . 4.6
|7 |, e ol 49

One important point to make is that at most three of five parameters vy,...,v5 are generic

complex numbers. The reason for this is that there are at most three linear power spectra in
the two-loop integrals. The other two parameters must be integers coming from the expansion
of kernels. As we are going to see, this simplifies evaluation of some diagrams significantly.

RSS—I RSS—[I

[}
F3 Pin s

Bin

Figure 12. Diagrammatic representation of four contributions to the two-loop power spectrum.

Before we move on, let us notice that the second integral in (4.6) has identical structure as
the one-loop bispectrum. Therefore, choosing the following change of coordinates x = |k — q|?/k?

and y = ¢%/k?, the function K(v1,...,vs5) that we are ultimately interested in can be written as
follows 1
K(v, ... vs) = 162 /zyaj_’“y_”“J(Vl, Vo, U3, T,Y) . (4.7)
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We are going to use this equation and the series representation of J(vy,v9,v3;2,y) to find the
explicit formula for K(vq,...,vs5). One difficulty is that the region of integration is rather compli-
cated: \/x +,/y > 1 and |\/z — \/y| < 1. This reflects the constraints that physical momenta in
the two-loop diagram have to satisfy. Before we discuss the explicit expression, we derive some
symmetry properties of the function K(v1,...,vs). These properties will prove useful in practical

applications to the full two-loop integral.

4.1 Symmetries of K(v1,...,v5) and Recursion Relations

The two-loop diagram of massless theory is known to have a lot of symmetries which translates to
many symmetries of the function K(vy,...,v5). All symmetry transformations were first derived
n [15]. The full symmetry group is Zz X Sg and it has 2 x 6! = 1440 elements [30, 31]. We
review here some of the relevant symmetry transformations. To derive them it is enough to use
the integral representation

1 1
K(onseos) = [ s [ , (4.8)
q q21/4|k_q’21/5 pp21/1’k_p‘2u2‘q_p‘21/3

where k is the unit vector. Two obvious symmetries are the following. First, exchanging integra-

tion variables ¢ and p leads to (v1,12) <> (v4,v5), leaving v3 in the same position

K(v1, vo, v3, v, v5) = K(va, v5, 13, 11, 12) (4.9)

Second, we can simultaneously shift both momenta ¢ — k — q and p — k — p. Effectively, this
produces the simultaneous exchange (v1 <> v2) and (v4 > v5)

K(vi, v, v3, 04, v5) = K(vo, 11, 13, 5, 14) . (4.10)

Additional translation formulas can be derived using translation formulas of J(vq,ve,vs;x,y).
Plugging the transformations (3.9) into the integral representation (4.8), it is straightforward to
get the following extra identities

K(vi, v, v3, 14, v5) = K(vs, 11, 12, 15, 16) (4.11)

K(Vl,V27V37V4,l/5) - K(V37V27V1a1/471/6) 3 (412)

where g = % — vi9345. Transformations (4.9) to (4.12) form the symmetric group of degree

four Sy. This group has 4! = 24 different elements. We recover these elements by starting

from K(vq,v9,v3,1v4,v5) and successively applying identities (4.9) to (4.12). Invoking notation

(1,2,3,4,5) = K(vy, ..., vs), then the 24 equivalent functions are

(1,2,3,4,5)  (2,1,3,5,4)  (4,5,3,1,2)  (5,4,3,2,1)

(3,1,2,5,6)  (1,3,2,6,5)  (5,6,2,3,1)  (6,5,2,1,3)

(3,2,1,4,6)  (2,3,1,6,4)  (4,6,1,3,2)  (6,4,1,2,3) (413)
(3,5,4,1,6)  (5,3,4,6,1)  (1,6,4,3,5)  (6,1,4,5,3)

(3,4,5,2,6)  (4,3,5,6,2)  (2,6,5,3,4)  (6,2,5,4,3)

(5,2,6,4,1)  (2,5,6,1,4)  (4,1,6,5,2)  (1,4,6,2,5).
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Applying inversion (3.13) and star-triangle (3.15) formulae for J(v1, 19, v3; 2, y) in the integral
representation (4.7), provides analogous results for K(vq,...,vs):
K(v1,v2, v3,va,v5) = K(va, 11,3 — V123, V134 — 3,135 — 5) | (4.14)

K1, 02,03, 00,08) = TS T T Tsonnd K2, 71,3 = Prog,vasvs) . (415)

Finally, combining these with translation leads to the following reflection formula
K(vr,v2, v, va,v5) = g K(1, D2, U3, D4, U5) (4.16)

where the prefactor g is given by

_ T(n) T(p2) T'(3) T'(94) T'(05) T'(6) T'(3—123) T'(83—0345) ['(P235—3/2) I'(D134—3/2) (4 17)
9= F(V1) F(l/g) F(Vg) F(V4) F(l/5) F(Vﬁ) F(37V123) ]._‘(371/345) F(I/23573/2) F(V13473/2) : .

Applying successively all these transformations one can generate the entire Zs x Sg group. How-
ever, almost all of these transformations fail to preserve the bias. As in the case of the one-loop
bipsectrum, only special choices of v trivially offer compact relations between functions with
different integer parts of the parameters.

Finally, let us write down an example of a recursion relation that K(v,. .., vs5) satisfies. Again,
the simplest way to derive these identities is to use the analogous results for J(vq,vo,vs3; 2, y).
For instance, using recursion relation (3.24) one can immediately write

(3 —v1 — v123) K(v1, v2, v3, 14, v5)
+reK(v1,v2 + 1,v3, v, v5) —va K(vy — 1,v2 + 1,13, 14, 15)
+ 3 K(lll, vo,v3+ 1,14 — 1, 1/5) — U3 K(Vl — 1o, v3+ 1,1y, V5) =0. (418)
Other similar expressions can be found using the symmetry transformations discussed above. We

will give some more details about the practical application of these equations in the following
section.

4.2 Evaluation of K(vy,...,vs5)

As we already mentioned, finding an explicit formula for K(v1,...,vs5) is not straightforward. In
the integral
1
K(l/]_, ey 1/5) = @ /x’y x_USy_MlJ(Vla V2,V3,7, y) ) (419)

the region of integration is complicated and we lack a simple representation of J(v1,ve,vs; 2, y)
convergent in the entire domain. Our strategy to find the full solution is to first concentrate on a
part of the region of integration and then use symmetries (3.9) to find solutions elsewhere. One
possibility is to start with the integral

K(Vla s 71/5) = / $_V5y_y4‘](y171/27y3ax7y) ) (420)
Dy

over the following domain Dy = {(z,y) | V& + /y > 1, <1, y < 1}. Given that both z and y
are smaller than 1, we can use result (3.32) to evaluate the integral. The details of this derivation
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are given in Appendix D. Here we report only the final formula. We write the result in a form
which resembles the series representation of J(vy, 12, v3; 2, y)

sec(mra3)
8v/L ()T (v2)I'(v3)I'(3 — 1123)

K(Vlay27V37V47V5) —

o0
X Z [an(v1,v2,v3) K (3 — vass + 1m0, —va,v1 + 0,3 — va + 1,3 — a3 + 2n)
n=0
—an (1, 02,03) K (—vs +n, 3 —visa, 1 + 1,3 — a4+ n,3— a3 +2n)] . (4.21)

The complicated part of the answer is the function (- --) which is given in terms of generalized

1,a,b; a,b,14 3,2+ 3;
1 s Wy Uy » Y ) ’
——= 3F% 1| —2-4F3 1
1+5 <2+ﬂw;> (1—¢§+%3+%
- —b,1 d,3 d;
o p T h +55+ 5+ B8+ H
14+d,d+v+3,347+d;

hypergeometric functions

k(a, Bya,b,c) = 1—%@

: (4.22)

where d = ¢ — a — b and v = o + 8. However, this is not the end of the story. We have found
only one piece of the final answer, which corresponds to the integral over the region D;. If one
splits the remaining part of domain of integration in (4.19) in the following way (see Fig. 7)

Dy={(z,9) | Ve —y<l,z>1,y<az}, (4.23)
Ds={(z,y) | Vy—Vr>1,y>1 2 <y}, (4.24)
then we find that the integrals over Dy and D3 can be mapped to an integral of the form (4.20).

The proof is based on symmetries of J(vq, e, v3; x,y) given in eq. (3.9). The full solution is then
just a sum of three terms given by (4.21), with slightly different parameters

1
K(V17 .. '71/5) :16?<K(V17V27V37V47V5) +K(V17V37V27V67V5) + K(V27V37V17V67V4)> . (425)
Obviously, the final result for K(v1,...,vs5) is very complicated and not very illuminating. Sym-

metries of the two-loop diagram that we discussed in the previous section are not manifest at
all. It is actually quite remarkable that this messy formula satisfies all functional identities of
K(v1,...,v5). This is also an indication that there may exist a much simpler and elegant repre-
sentation. However, for the time being, it remains elusive.

The difficulties with the result (4.21) are not only aesthetic but also practical. The biggest
problem is that the sum on the r.h.s. of (4.21) is not convergent for all values of parameters.
Even when it is, sometimes there are big cancellations between different terms in the sum. Sum-
ming up many large numbers which eventually leads to a small answer can be numerically quite
challenging. On the other hand, there is a large region of parameter space where the sum con-
verges very rapidly. Using many of the symmetries of K(v,...,vs5) such as (4.13), it is always
possible to evaluate the sum efficiently for any choice of parameters. Understanding the radius
of convergence more quantitatively is very important for knowing ahead of time which symmetry
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transformation to use. Due to complexity of the final answer making some analytic progress is
hard and we leave it for the future work.

Another problem with eq. (4.21) is the appearance of generalized hypergeometric functions
whose argument is equal to 1. At this point the hypergeometric series which is usually used to
calculate the function is either divergent or converges very slowly for a generic set of complex
parameters. In order to calculate the hypergeometric functions efficiently one can use some of the
functional identities such as recursion relations. In all examples when the integral in definition
of K(vy,...,vs) is convergent, the eq. (4.25) agrees with the result of numerical integration. Our
power series representation is typically several orders of magnitude faster.

So far we considered the general case where the function K(v1, . . ., v5) depends on five arbitrary
complex numbers. However, as we already pointed out, at least two of (v1,...,v5) are integers
which come from the expansion of perturbation theory kernels. In this more specialized case
some of the formulas above simplify. There are two different situations that we meet in practice.

One of integer parameters is zero or negative.—The simplest case is when one of integer parame-
ters is zero. The integral (4.6) becomes a product of two one-loop expressions and the result can
be written in terms of gamma functions. For example, let us imagine that 1y = 0. It follows

1 1
K(0,va,...,u5) = L —6+2v2345 / /
qq2y4|k_q|2'/5 p |k_p’2”2’q_p‘2u3

_ k . q’3—21123
— L 6+2v2s4s) / |—
(V27V3) . q2”4|k _ Q|2V5

= |(1/2,I/3)|(V4, V9235 — %) . (4.26)

The next simplest case is when none of integer parameters is zero, but rather one of them
is negative. Let us imagine that 1 = —N, where N > 0. In this case the infinite sum in
J(v1, 12, v3; 2, y) truncates (see eq. (3.36)). The integral (4.6) can again be expressed in terms of
gamma functions only. It is straightforward to get

—-n

N
K(_N _ N /7 sec(miag) sec(mrs)
( 7V27V37V4)V5) ( ) 8F(V2)F( )F(3+N_ V23 nz:;] z::o

N! (=1)mtn L3 —wvo+n+m)
(N—m—n)!n!m!l”(%—y23+n)F(V3—N—7+ m)

|(I/4 — m, 235 — % - Tl) . (4.27)

Notice that for N = 0 this expression reduces to (4.26). This is in agreement with results of [11]
(see Appendix F of [11]). In practice, the sums always have at most a few terms. For all diagrams
in the two-loop power spectrum N < 5. The cases in which other parameters are non-positive
integers can be easily evaluated using translation formulas (4.13).

Let us point out that in the expansion of the perturbation theory kernels in the Ps3, P4 and
Py5 diagrams, most of the terms do have a negative(zero) integer parameter. For example, the
expansion of F5 kernel in the P;5 contribution has several thousand terms. Only ten of them
have two positive integer parameters. In other words, the largest part of the two-loop result can
be written in terms of gamma functions. Given that in dimensional regularization we do not
expect different terms to have very different magnitudes, even neglecting contributions with two
positive integer parameters may not affect the result considerably.
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Both integer parameters are positive.—Finally, let us discuss the option in which both integer
parameters are positive. For the two-loop integral the only possibility is that both of these pa-
rameters are equal to one. This comes from the fact that we can have multiple inverse Laplacians
in the perturbation theory kernels, but we never have a square of the inverse Laplacian. Under
translation formulas (4.13), all the apparently different cases reduce to the following two cases

K(1,v9,v3,14,1) and K(1,v2,v3,1,15) . (4.28)

Both of these terms can be calculated using eq. (4.25). It is worth noting that improved nu-
merical stability may be found by considering the related functions provided by the reflection
formula (4.16)

K(3,00,73,04,5)  and  K(3,72,03,3,75) . (4.29)

As in the case of the one-loop power spectrum and the one-loop bispectrum, from the expansion
of F), kernels we get a lot of terms where v; parameters differ just by an integer. Many of those
are related by recursion relations. Let us see how the recursion relations look like in the special
case when two parameters are equal to one. For example, if v; = v4 = 1, then eq. (4.18) becomes

(1 — 1/23) K(l, Vo, U3, 1, 1/5) + o K(l, vo + 1,13, 1, V5) — 9 K(O, vo + 1,13, 1, 1/5)
+ 3 K(l, vo,v3 + 1,0, 1/5) — U3 K(O, vo,v3+ 1,1, I/5) =0. (430)

Notice that in three of the five terms one of the arguments is equal to zero. Therefore, they can
be written in terms of gamma functions. In this way we get a simple functional identity which
relates K(1,v9,v3,1,v5) and K(1,9 4+ 1,v3,1,v5). When 11 = v5 = 1 we get

(1 —vo3) K(1, 0, v3, 04, 1) + o K(1,v0 + 1,v3, 14, 1) — 12 K(0, 2 + 1, 13,14, 1)
+ 3 K(l, vo,v3+ 1,14 — 1, 1) — V3 K(O, vo,v3 + 1,1y, 1) =0. (431)

This equation is slightly more complicated because only two terms have one zero parameter, but
it is still very useful. Similar recursion relations can be found exploiting symmetry properties
of K(v1,...,v5). In practice, these relations can reduce the number of terms that one has to
evaluate by a factor of a few.

The bottom line is that by using explicit expressions for K(vy,...,v5), and its symmetry
properties, it is possible to calculate all contributions to the two-loop power spectrum. As
before, all information can be compressed in three cosmology independent matrices Mgz, Moy
and M5 which correspond to P3Ig’ , Poy and Pj5 diagrams. Evaluation of these matrices is not
trivial because of the convergence properties of the series (4.21). However, these matrices have to
be calculated only once and once they are known, the evaluation of the two-loop power spectrum
for any cosmology is just a simple matrix multiplication. These matrices have at most N3
elements where N ~ (O(100). Therefore, evaluation of the two-loop power spectrum in one k
bin is significantly faster than the usual numerical techniques. We leave the implementation and
testing of our algorithm for the two-loop power spectrum for future work.
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5 Conclusions

In this paper we demonstrate the path forward for the efficient computation of higher multiplic-
ity /loop correlation functions in cosmological perturbation theory. Our starting point is similar
to recent proposals for fast evaluation of the one-loop power spectrum [9, 10] and it is based on
representing the linear power spectrum as a sum of complex power laws. However, our implemen-
tation and generalization to higher order correlators is different. When comparison is possible,
all methods agree.

We mainly focus on deriving relevant analytic expressions for the one-loop and the two-loop
power spectrum and the one-loop bispectrum. All one-loop diagrams evaluated using our method
are in excellent agreement with the usual numerical results. We leave writing a dedicated code for
the two-loop power spectrum (and possibly higher order correlation functions) for future work.

Our method splits the computation of loop diagrams in two parts. The first, more “difficult”
part is related to solving momentum integrals for power-law power spectra and it is cosmology
independent. The second part is a simple matrix multiplication which evaluates the loops for
a ACDM-like cosmology. The matrices can be precomputed, they are cosmology independent
and they are relatively small. For example, for the two-loop power spectrum, the largest matrix
has N3 elements, where N ~ (O(100). The number of operations needed for evaluation of the
power spectrum or the bispectrum is significantly smaller than using direct numerical integration.
Furthermore, the same building blocks used to calculate dark matter correlation functions can
be also used for correlators of biased tracers. There are no fundamental obstacles in applying our
method in redshift space as well.

One interesting aspect of the method described in this paper is that it relies on evaluation of
loop integrals that are formally identical to those of a massless QFT. This is a new bridge between
cosmology and particle physics and the full potential of this connection is still to be explored. This
remains the major direction for future work. One hope is that many developments in the theory
of scattering amplitudes will prove useful for going beyond the lowest order statistics discussed
in this paper. The first step in this direction is a practical analytic formula for the one-loop
trispectrum. In principle, that would allow the calculation of the three-loop power spectrum or
the two-loop bispectrum. In practice, following procedure described in this paper may turn out
to be too difficult or impractical. After all, the trispectrum is a function of six variables, which
makes it much more complicated than examples we considered so far.

However, there are many alternative representations of loop integrals that may be more useful
for higher loop diagrams. In this paper we have insisted on finding well-behaved power series
representations for functions such as I(v1,12) or J(v1,v9,v3;2,y). Alternative ways to evaluate
these integrals include numerical integration using Mellin-Barnes representation of loop integrals
(see for instance [32]), projecting onto a basis of other known higher-loop integrals as in [33], or
solving numerically partial differential equations that the loop integrals satisfy [34].

In some important situations things simplify. One such example is the one-loop covariance of
the power spectrum. Given that there are only two independent vectors ki and ks, this special
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case of the one-loop four-point function depends only on three variables (before integrating over
the angle between kq and k3). Furthermore, a set of diagrams in the one-loop covariance matrix
which give the largest contribution to the final answer (see [35, 36]) have the same structure as the
one-loop bispectrum. These diagrams can be easily calculated using our function J(vq, ve, v3; z, ).
We leave application of our method to the covariance matrix and more generally one-loop four
point function for future work.

At the end, let us stress that the idea of representing the ACDM-like cosmology as a set of
power-law universes can be also very useful outside the context of PT. One can benefit form this
decomposition whenever some numerically heavy integral has a simple solution for a power-law
universe. One example of this kind is projection of the power spectrum or the bispectrum on the
sky, which is difficult due to many integrals over highly oscillatory spherical Bessel functions. It
was shown in [37] that decomposition (1.1) can be used to find the solutions of these integrals
very accurately and efficiently. It would be interesting to think of other similar applications in
the future.
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A Hypergeometric Functions
The hypergeometric function 9F}(a,b,c, z) is usually defined as a solution of Euler’s hypergeo-
metric equation:

2(1=2)f"(2)+ (c— (a+b+1)z) f'(z) —ab f(z) =0, (A.1)

where a, b and ¢ are arbitrary complex numbers. The hypergeometric function has the power

series representation:

oF1(a,b,c,z) = L(e) Z F(ar—i(_cn_i)_réfn—;_ n) 2", (A.2)

which is convergent inside the unit circle in the complex plane |z| < 1. This power series can
be used for numerical evaluation. The series is convergent at the point z = 1 only when the

33



parameters satisfy Re(c — a — b) > 0. It should be stressed that the convergence sometimes may
be slow or the series has large cancellations, particularly for parameters with large imaginary
parts. In order to avoid such issues or evaluate the hypergeometric function outside the unit disc,
one can use many functional identities. For example, one such identity is

I'(e)l'(c—a—b)

I'(c—a)l'(c—b)

I'(e)l'(a+b—c)
INOINQ

oFi(a,b,c,1 —2) = oF (a,b,a+b—c+1,2)

27 Fi(c—a,c—b1—a—b+c2), (A.3)

which maps points close to |z| = 1 to a region around z = 0 where the series converges rapidly.
Outside the unit disc the hypergeometric function can be calculated using

T'(b— a)T(c)

oF1(a,b,c,1/2) = m

(—2)"2Fi(a,a—c+1la—b+1,2) + (a<b).  (A4)
These two identities are sufficient to evaluate the hypergeometric function in the entire complex
plane.

It is possible to generalize the basic hypergeometric series (A.2) and use it to define generalized
hypergeometric functions

F <a1, CRSY Z) ~ F(bl):..F(bq) iF(a1+n)...F(ap+n)zn )

b, by,..., b, = T(bi+n)---T(by+n) n!’

where p and ¢ are positive integers. In this paper we use two generalized hypergeometric functions
4F3 and 3F5. In these cases when p = ¢+ 1 the generalized hypergeometric series (A.5) converges
for |z] < 1. A the point is z = 1 which is of special interest in evaluation of the two-loop power
spectrum the series converges only when Re(by + -+ 40y — a1 — -+ - ag+1) > 0. This condition is
not always satisfied in practice. One simple way out is to use recursion relations which increase
the real part of one of b; until the series becomes convergent.

B Explicit form of the Mjy; matrix

In this appendix we give the explicit form of the Ms9o matrix. The starting point are three Fj
kernels in the Bgos diagram

8Fy(q, k1 — q)Fa(k1 —q, k2 + q)Fa(k2 +q,—q) . (B.1)

Expanding this expression in powers of ¢, |k; — q|? and |ks + q|? for a single set of parameters
(v1, 19, v3) and factoring out k; dependence we get a sum which can be rearranged in the following
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way
2 2
_ 2522 _ 15(y+1)a? _ (10y°—9y+10)a 3z%y(y+1) z2y? 75z
Mazp = 1372J—272,2 1372 Jo122 1372 Jo22 + 686 Jig2+ 343 Jo20 + 2744J—271,2

3z(—10y%+9y+10x(2y—1)—10
121+ ( 5 )J0,1,2

52(20z+9y+9) 52(202+9y+9)
+ 2744J 2,21 2744 Jo1a2 - 2744 J

3z (10y*—9y+10z(y—2)+10) xy(20yz+924+9y+9) z(9y(y+1)+z(9y+20)) 3z(z+1)y?

- 2744 Jo21+ 1372 Jii2+ 1372 Jig1+ = Ge 212
3zy(z+y) 125 125 125 125 _ 75(2z—y—1)

+ ~6%6 J221 2744J7270,2 + 1372J*2,171 2744J*2,2,0 + 1372J*177172 1372J 1,0,1 2744 Jo102
125 _ 75(2z+y+1) _ 75(2z—y-1) _ 12 _ 125
1372J 1,10 1372 Joria+ 1372J 1,2,-1 2744 Jo120 2744J0,—2,2 1372-]0,—1,1

75(z—2y+1) 75(50+5y—4) 5(1022+9(2y—1)z+10y2—9y+10) 125
+ 2744 Jo 12+ 1372J0 -12F 2744 J + 2744 Joo2 — 1372-]0,1,*1
75(50—4y+5) 5(4022+9(y+1)x—20y>+18y—20) 75(z+y—2)
+ 2744 Jo,10 2744 Joi1 — 2744J0 2,—2+ — o7z Jo2,—1
5(1022—9(y—2)a+10y%—9y+10) 125 75y 125 75(z+2y+1)
2744 J0,270 + 1372J17—2,1 + 2744J1,—2,2 - 1372J17—170 - 1372 J1,_1,1
 5y(92420y+9)  75(4z—5(y+1)) ~ 5(202%-9(y+2)z—40y>—9y+20)
2744 Jl,—l, 1372J1 2744 JLO,O 2744 J17071
3y(—1022+(20y+9)z—10(y+1)) 75(z+y+2) 5(2022—9(2y+1)z+20y%—9y—40)
2744 Jio2+ 1372-]1,17—2 - 1372 Jig-1— 2744 Jia0
3(10(y+1)x2+(10y2+9y+10)x+10y(y+1))J 475 _ 5(9x+9y+20)J
1372 1,1,1 7T 974471,2,-2 2744 1
3(1022—(9y+20)z+10y(y+1) 195 75 2512 125
- 7744 )JL?,O — srd2,—20 + orpde 21 + T3 d2, 22 + 15521,
75(x—2y-+1) 5y(92+20y+9) 15(z+1)y? 125 75(x4y—2)
+ 2744 J2, 10— 2744 Jo,—11 — 1372 Jo, 12— 2744-]2,0,—2 + —o7aa J2,0,-1
5(1022—9(y+1)a+2(5y2+9y+5) ) 3y(102%+(10y—9)z—20y+10) (1022 —92+10)y?
2744 JZ,O,O - 2744 J270,1 - 1372 J2,0,2
2 2
75 _ 5(9z+9y-+20)  3(1022+(10-9y)a+10(y—2)y) y(922+9(y+1)z+20y)
+ 2744J2,1,—2 2744 J2,1,—1 2744 J2,1,0 1372 J2,171

15(z+y) (1012—9ya:+10y2)
+ 1372J22 —-27 7137 Jog, -1 — - 1372 J220 - (B.2)

+
+

72’71

We are using shorten notation in which Jy, pyny = J(v1 + n1,v2 + n2,v3 + n3; 2, y). Coefficients
fo9o can be easily read off form this expression. Notice that there are 72 terms in the sum,
but not all of them are independent. Using recursion relations (3.30) one can further reduce this
expression to a sum of 38 different J,,, 5, n, functions. We do not write this sum explicitly because
the coefficients multiplying J,, n,n, functions become too cumbersome. Nevertheless, these new
coeflicients are still only rational functions that depend on x, y, v1, 2 and v3 and application of

recursion relations effectively reduces the cost of evaluating the Baso diagram by roughly a factor
of 2.

C Derivation of J(vy, v, v5;x,y)

Let us begin with the usual Feynman parametrization

/ 1 _ T(nz)
g1k — q|?2|ka + q|? T(11)T(v2)(v3)

l/1—1 l/2—1 1/3—16(]))(1 — Uy — Uy — U3)
d d d 7
/ ul/ u2/ u?’/ (u1q +uQ\k:1—q]2—|—U3\k2+q| )
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1—ug v1—1 1o—1 1 _ _ ]/3—1
_ 1/123 / dul/ dug/ . Uy “22 (1 —uy — ug) —
['(n ['(v3) q (W1 +uzlkr —q* + (1 — w1 —u2)|ka + q|?)

(C.1)

Next, we do the following change of variables: u; = wv and ug = (1 — w)v. This transforms
(1 — w3 — ug) into v and now both integrals in v and v have the same boundaries [0, 1]

/ 1 _ F(l/lgg)
q PP |k1 — q*2|ky + q?s T'(v1)T(v2)T(v3)
1/1 1(1 _ u)llgfl,ulﬂzfl(l _ ,U)I/371
du | d _— C.2
/ “/ / (W@ T (= wyilks — P+ (=)l + a7~ P

At this point the momentum integral can be done easily. In the denominator we first complete

the square

wq® + (1 —u)olky — q* + (1 —v)|k2 + qf?
=(g—(1—u)vk; + (1 - v)k:g)2 + v (wo(l - w)k? 4+ u(l —v)k3 + (1 —u)(1 — v)kg) , (C.3)

and use the following identity to do the integral in g

/ : 1 _ 1 T (V123 — %) 1 . (C.4)

a q2+m2)l/123 871'3/2 F(V123) (m2)l/123*3/2

The expression for one-loop bispectrum simplifies and we are left with two integrals in u and v

| ! K T )
21k \2”2|k2 +q|s 8732 T(1)T(1e)(vs)
u ’U : .
uv 1 — u) + u(l — U)y + (1 _ u)(l _ U)$)V12373/2

from which we can read off J(vy,va,v3; 2,9)

1 I (V123 — %)
873/2 T (1)L (v2)T (v3)

» y ulri— 1(1 . u)u2—1U1/2—1/3(1 B U)V3_1
/ d / d uv 1 — u) + u(l — v)y + (1 _ u)(l . ?}) )V123_3/2 . (CG)

J(V17V271/3;x7y) =

Notice that the denominator is linear in v and that the integral in v is nothing but the hyperge-
ometric function

L (5—vs) L (vi2s—3) [ 1 1
. _ du w1 — w2~
J(V17y271/37$7y) 47T2F(I/1)F(U2) /(; u U ( U)

0 3 3 3 u(l —u
X (CL‘(]. — U) —|—yu)3/2 123 2F1 (2 — V3,123 — 57 57 1-— W) . (C?)
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At this point it is useful to transform this expression using (A.3)

INEE V193 — 5
J(Vla v, V33 5U7y) = (247T2I3‘ 1/1 123 / du u”*~ 1 U)VQ_I(JL'(l — u) + yu)3/2_V123

L brand) - 5w
3 375y oF1 (13,3 —vigs, 5 — Vi, <
(3 =) T (v123 — 3) (@(1 — ) + yu)3/2ve 2 (1 —u) +yu

LI REING e )
(3 Cu(-w)
2

(C.8)

— V3,193 — =, V12 — =
F(Vg)F(S*Vlgg)Q ST T g T2 Ty z(1—u)+yu

The reason is that 0 < u(1 —u)/(z(1 — u) + yu) < 1 for any = and y, and one can use the power
series representation of hypergeometric functions in order to solve the integral in u. Notice that
this power series keeps the integral as simple as possible, because only powers or u, (1 — u) and
(z(1 —u) 4+ yu) appear in the expression. Simplifying the gamma functions we get

sec(mr12)
J(v1, 0,031, y) = 8/ (11)(vo)T(v3)(3 — v193)

i F(Vg + n)r(?) — Vi93 + n) /1 i u1/2—u2+n(1 _ u)l/Q—Vﬁ-n
GRS P ) A P e B R

n=0

B i I'(3-v3+n) 1”1(V123 -2 +n) /1 i ut I (] — )2l (o)
L (vi2— 5 +n)n! 0 (z(1 — u) + yu)r12s—3/2+n

n=0

The integration in u leads to another hypergeometric function. The result can be written in the
following way

sec(mry2)
J(v,v0,v352,y) = 8/ (11)[(vo)T(v3)(3 — v193)

o0
3
an(ul,l/g, 1/3) xR (2 — vy +n,v3+n,3—vi9+2n,1— y>
X

00
3
— Z bn<ﬁl7 ﬂQ, 173) . $_V2_ny3/2_l/13 2F1 (2 — V3 + n, vy + n,vig + 277,, 1-— y)] s (ClO)
T

where the coefficients b,, are given by

F(y3+n)F(3—I/123+n)F(%—1/1+n)F(%—V2—|—n)

bn(v1,v9,v3) = C.11
n(v1 v, 5) I'(5—vi2+n)nl ['(3—wv2+2n) (C11)
One last step is to use the identity
3/2—v 1 Yy
J(V17V27V3;$ay):x 123J V3, Vo, V15 —, — ) (012)
T x
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in order to bring the result to its final form

) — sec(mra3)
J(v1, 9,352, y) = 8/ (1)L (v2)L(v3)T(3 — v123)

3
> [903/2_”23 by (vs,ve, 1) 2" o Fy (Vl Ty Tratm S s 1= y)

n=0

3
—y3ES by (3, i, 1) 2 o FY (V2 tn,5—vitn,rest2n,l- y)] . (C13)

This precisely matches eq. (3.32) where a,(v1, 2, v3) = by (v3, V2, 11).

D Derivation of K(vy,...,v5)

We are interested in calculating
K(Vla---al/f)) E/ 1'_”5y_y4j(y1,y2’y3’x,y) ) (Dl)
D1

where the region of integration is given by

Di={(a,y) [Ve+ 5=l o<1, y<1}. (D:2)

In this domain the power series representation of J(v1, v, v3;x,y) is uniformly convergent, and
we can use it to rewrite the integral in the following way

sec(muog

) ) @
S V5) = 8y/7T(v1)T(v2)T(13)1(3 — v123) /0 w /(1\/@2 !

K(I/l,..
o0

a3/2 V2 Zan(Vl, va,v3) - " oFy (11 +1n,3 — vy +n,3 — 3 +2n,1—y)
n=0

oo
—y¥28 N " an (i, i, D) - & oFy (1 +m, 5 —Dp+m,3— a3+ 2n,1—y)| . (D.3)

n=0

Therefore, the basic integral that we want to solve is the integral over the hypergeometric function.
For simplicity, let us define

1 1
dapabe= [dy [ deaty aRiabel-y). (D.4)
0 (1-v)?
The integral in z is straightforward, leading to

1 1
K(a’ﬁvaabvc)zl_‘_a[/o dyyBQFl(CL?baca]-_y)

1
—2/ dt t291(1 — t)*722 4 Fy(a,b,¢,1 — 12)] (D.5)
0
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where in the second integral we did a change of variables y = t2. Both integrals can be expressed
in terms of higher order hypergeometric functions. It is not difficult to find

1 1,a,b; b1 3+ B
—— 3k RIS N DO o I :6’2+ﬁ’ 1
1+B 2"—576, 1—da§+%3+%

_ _ 3 .
S kL R PR I (D.6)
I1+d,d+~v+3,3+v+d;

1
1+«

k(ay Bya,b,c) =

where d = ¢c—a—0b and v = a+ . The integration of 9 Fi(--- , 1 —y) function is straightforward.
To integrate o Fy (- -+ ,1 — t?) we first have to use (A.3), expand the hypergeometric functions in
power series, integrate in series, then resum the result.
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