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ABSTRACT: We use time-sliced perturbation theory (TSPT) to give an accurate descrip-
tion of the infrared non-linear effects affecting the baryonic acoustic oscillations (BAO)
present in the distribution of matter at very large scales. In TSPT this can be done via
a systematic resummation that has a simple diagrammatic representation and does not
involve uncontrollable approximations. We discuss the power counting rules and derive
explicit expressions for the resummed matter power spectrum up to next-to leading order
and the bispectrum at the leading order. The two-point correlation function agrees well
with N-body data at BAO scales. The systematic approach also allows to reliably assess
the shift of the baryon acoustic peak due to non-linear effects.
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1 Introduction

The imprint of the baryonic acoustic oscillations (BAO) on the distribution of matter at
large scales and at different redshifts gives precise information about the expansion history
and constituents of the Universe [1-5]. In the near future galaxy surveys will measure
the two-point correlation function at BAO scales with (sub-)percent precision. Moreover,
the baryon acoustic feature has also been detected in the three-point function in BOSS
data [6]. It is well-known that the shape and the position of the baryon acoustic peak are
affected by non-linear evolution. These non-linearities should be understood as accurate
as possible in order to exploit the full potential of future precision data.

Apart from numerical efforts, techniques based on cosmological perturbation theory
have contributed to the qualitative and also quantitative understanding of non-linear ef-
fects relevant for the BAO peak. Since the characteristic scale of the BAO (around
1/kose = 110 Mpc/h in comoving coordinates) is much larger than the non-linear scale,
one may a priori expect that perturbative methods can be applicable. Nevertheless, it
has been observed long ago that the leading non-linear correction computed in Standard
Perturbation Theory (SPT) [7] fails to reproduce the behavior seen in N-body simulations
or data. The source for this disagreement is the effect of bulk flows on the BAO [8-11].
In fact, the displacement of long modes with wavenumber ¢ produces a sweeping effect (or
bulk motion) on shorter modes k due to the non-linear coupling. In Eulerian perturbation
theory, this sweeping is responsible for an enhancement of non-linear interactions x k/q
involving a long-wavelength mode ¢. For equal-time correlation functions, the equivalence
principle implies that this infrared (IR) enhancement largely cancels out when summing
all perturbative contributions at a fixed order in perturbation theory [12-17]. However,
the cancellation is incomplete if the matter power spectrum has a component that varies
with a characteristic scale kosc < g < k [8, 18].

Different frameworks have been proposed to deal with these bulk motions: on the one
hand, a data-driven method is to first measure the large scale bulk motions and use them
to reconstruct the BAO feature [11, 19-21]. On the other hand, precise determination
of the cosmological parameters may require more theoretical insight. The bulk motion
can in principle be efficiently treated by moving from the Eulerian to the Lagrangian
picture [22, 23]. In particular, the linear Lagrangian perturbation theory, or Zel’dovich
approximation, gives a rather accurate description of the BAO peak. However, it is unclear
how to improve systematically over the Zel’dovich approximation within the Lagrangian
picture. Finally, one can stick to the Eulerian picture and try to identify the physical
contributions of the bulk flows with the idea to resum the latter at all orders in perturbation
theory [8, 9, 18].

In this work, we develop a systematic approach to describe non-linear effects on the
BAO feature in equal-time correlation functions based on time-sliced perturbation theory
(TSPT) [24]. The latter is a proposal to describe the statistical properties of the large-
scale structure based on the evolution of the distribution function, as opposed to SPT
where the individual field variables are evolved. A major advantage of this description is
that it eliminates spurious IR contributions from the beginning, and therefore allows for



a transparent description of the physical effects of bulk motion on the BAO feature. On
the other hand, TSPT is free from the difficulties of higher-order Lagrangian perturbation
theory. Our main result is a systematic technique to identify and resum enhanced infrared
contributions affecting the BAO feature. It admits a simple diagrammatic representation
within TSPT and allows to compute and assess higher-order corrections in a systematic
way.

The main idea of TSPT is to disentangle time-evolution from statistical ensemble
averaging. In a first step, the probability distribution P for the perturbations is evolved
from the initial time to a finite redshift and expressed in terms of an expansion in powers of
the density- and velocity divergence field at this redshift. In a second step, the statistical
averages are computed perturbatively. The latter step can be conveniently represented
by a diagrammatic series, where the quadratic cumulant represents a propagator, and the
higher cumulants — n-point vertices I',,. In [24] it has been shown that these vertices are
IR safe, i.e. free from spurious enhancements o k/q when any of the wavenumbers become
small.

In order to identify enhanced contributions related to the BAO, we split the initial
power spectrum into a smooth component Ps; and an oscillatory (‘wiggly’) contribution
P,,. Then the TSPT three-point vertex expanded for ¢ < k and to first order in P, is
given by

Is(k,q.q') = 0¥ (k+q+q) kqlgq (Pw(’k ;?‘k)); Pw@) (1.1)

In the limit ¢ — 0 the difference of the two power spectra in the numerator goes to zero
and cancels the 1/q enhancement from the vertex, as required by the equivalence principle.
However, as emphasized in [8], the Taylor expansion of P, (|k 4+ q|) becomes unreliable for
kose < q < k. This means that non-linear corrections to the correlation functions at scale
k receive large corrections from IR modes ¢ within this range. In this work we identify
these contributions for all I';, vertices, and establish a power counting scheme to compute
corrections to the most enhanced terms. The leading contributions to the oscillatory part
of the power spectrum are given by a set of ‘daisy’ diagrams, and their resummation is
represented diagrammatically in the following form (see Sec. 4 for details),

plRTesLO (. |y — ~AANAAAASS | (1.2)
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Figure 1. Matter two-point correlation function £(z) at redshift 2 = 0. The thin (thick) blue
solid line shows the infrared-resummed result obtained in TSPT at leading order (next-to-leading
order). At BAO scales the perturbative expansion within the TSPT framework converges well and
agrees with N-body results from large-scale numerical simulations [25] (red dot-dashed line). For
comparison, we also show the linear (black dashed) and SPT 1-loop (black dotted) results.

This diagrammatic representation is straightforwardly extended to IR-enhanced contribu-
tions into higher correlation functions.

At leading order (LO) for the power spectrum the resummation reproduces the result
found in [8], which consists in a broadening of the BAO peak. Using TSPT we systemat-
ically compute next-to leading order (NLO) corrections. Apart from being quantitatively
important in order to achieve good agreement with the results of large-scale N-body sim-
ulations at BAO scales, these NLO contributions are crucial for a reliable determination
of the shift of the BAO peak. Furthermore, they are sensitive to the non-dipole correc-
tions and consequently capture deviations from the Zel’dovich approximation. This may
also be helpful to assess potential biases introduced in the data-driven technique of BAO
reconstruction, where effectively the Zel’dovich approximation is used for the backwards
evolution.

Our numerical results for the matter correlation function £(z) at redshift z = 0 are
summarized in Fig. 1, where we compare the TSPT results at LO and NLO with N-body
data, and also show the naive SPT 1-loop result for comparison. It is worth noting that the
results are obtained from first principles without adjusting any free parameters. We further
find that the difference between the NLO correlation function computed in TSPT and that
obtained within the Zel’dovich approximation is about 5% in the region of the BAO peak
(see Sec. 7.3). While small, this difference is above the estimated uncertainty in the TSPT
calculation and the expected ultimate precision required to analyze the data of future
surveys. Importantly, the TSPT framework can be systematically extended to take into
account the next-order contributions, as well as the corrections due to the short-distance



dynamics.

The paper is organized as follows. In Sec. 2 we outline the basic formalism. In Sec. 3
we describe how to identify the enhanced IR-effects and establish the power counting rules.
The resummation of LO contributions is performed in Sec. 4 for the power spectrum and
bispectrum. In Sec. 5 we extend the resummation to diagrams with loops of short modes.
Next-to-leading IR contributions are resummed in Sec. 6 and a concise formula for the
resummed correlation functions is derived. In Sec. 7 we discuss the practical implemen-
tation of our procedure, compare our result to N-body data and discuss the BAO shift.
Section 8 is devoted to conclusions and discussion of future directions. Appendices A—E
contain details of the calculations, whereas in Appendices F, G we present an alternative
derivation of IR resummation of the power spectrum in SPT and compare our results with
the exact formulas in the Zel’dovich approximation.

2 TSPT and wiggly-smooth decomposition

In this section we first briefly remind the basic elements of the TSPT approach to large-scale
structure formation (see [24] for a detailed presentation) and then discuss our strategy to
identify IR enhanced effects on the BAO peak by decomposing the matter power spectrum
as well as the TSPT vertices into smooth and oscillatory components.

2.1 Brief review of TSPT

We are interested in the time evolution of correlation functions of the overdensity field
d = (p—p)/p and the velocity divergence field © « V - u, whose time-evolution is governed
by the continuity and Euler equations for the peculiar flow velocity u,

Z(Z—FV- (14 0)u] =0, (2.1a)
gl:—i-?-[u—i-(u-V)u: Vo, (2.1b)

where V2@ = %7—[2Qm5 and H = aH. Here t is conformal time and €2, is the matter
density fraction. It is well-known [7] that in the case of an Einstein—de Sitter universe these
equations can be cast in a form free from any explicit time dependence by introducing the
time parameter 7 = In D, where D is the linear growth factor, and appropriately rescaling
the velocity divergence v
-

0= HF (2.2)
with f = dIn D/dIna. For the realistic ACDM cosmology, the above substitution leaves a
mild residual time dependence which, however, has little effect on the dynamics. Follow-
ing conventional practice we will neglect this explicit time dependence in the equations,
although none of our findings crucially depend on this restriction. With a slight abuse
of language we will refer to this setup as ‘exact dynamics’ (ED). For comparison, we also
consider Zel’dovich approximation (ZA) obtained by replacing the Poisson equation by

V2o, = %HQQm@. The linear growth factor D plays the role of the expansion parameter



in TSPT. In order to emphasize this, and in analogy to notation used in quantum field
theory, we denote it by

g(n)=e"=D(z). (2.3)

We also use the short-hand notation ¢, = 6(7; k), and analogously for ©.

The main idea of the TSPT approach is to substitute the time evolution of the overden-
sity and velocity divergence fields,  and O, by that of the their time dependent probability
distribution functional. For adiabatic initial conditions only one of the two fields is statis-
tically independent. We choose it to be the velocity divergence field ©, and its distribution
functional is denoted by P[O;n]. At any moment in time, the field 6, can be expressed in
terms of ©, as

5,(K) =3[0, m. k Z o[ K89 (k- > a) [T0nta). (24
i=1 j=1

where the kernels K, can be found in Appendix A and we introduced the notation [dg|" =
dPq1 - - gy

Equal-time correlation functions for © or § can be obtained by taking functional deriva-
tives with respect to the external sources J or Js, respectively, of the following generating
functional,

ﬂl%ﬂZ/W@P@Mem{/W@&NFH+/WM@%H%PM} (2.5)

For example, the matter power spectrum is given by

62z

P(n; k) (5(k+k/) dJs(—k)dJs(—K)

(2.6)

J=Js=0

It is useful to expand P[O;n] as a series in powers of O,

PlO;n] =Nt exp{ Z /dk Cr)(n;ky, ... k H }, (2.7)

where A is a normalization factor. The I',, vertices have the physical meaning of 1-particle
irreducible contributions to the tree-level correlators with amputated external propagators,
and C,, are counterterms, whose role is to cancel divergences in the loop corrections [24].
Both satisfy a hierarchy of equations which replace the dynamical equations of SPT. For
the purposes of this paper the expressions for C,, will not be needed. In the case of Gaussian
initial conditions, the I',, vertices have universal dependence on time both in ZA and ED,

1
Fn(n,kl, ceey kn) = BCYIRY

200 Lok, ... k), (2.8)

where the TSPT coupling constant is defined by (2.3) and T',,(ky, ..., k) are time - indepen-
dent functions generated by recursion relations given in Appendix A. Due to momentum
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Figure 2. Example of TSPT Feynman rules.

conservation, the latter are proportional to a d-function of the sum of their arguments; in
what follows we use primes to denote the quantities stripped off such é-functions,

T, = F;(kl,...,knw(fﬂ)(iki). (2.9)
i=1

The Gaussian part of the integral (2.5)

_ 6@ (ky + ko)

ok, ko) = Blky) (2.10)
is the seed in the recursion relations (A.4b), (A.5b) so the I',, vertices can be seen as
functionals of the initial power spectrum P(k).

The TSPT perturbative expansion is organized by expanding the generating functional
(2.5) over the Gaussian part of P, which is equivalent to an expansion in the coupling
constant g(n). This calculation can be represented as a sum of Feynman diagrams, whose
first elements are summarized in Fig. 2: I'y is represented by a line (propagator), the
different elements I';, (with n > 2) and C), correspond to vertices, and K, are depicted as
vertices with an extra arrow. To compute an n-point correlation function of the velocity
divergence © one needs to draw all diagrams with n external legs. For the correlators of
the density field § one has to add diagrams with external arrows.

2.2 TSPT in terms of wiggly and smooth elements

The initial power spectrum that sources the different elements of TSPT can be decomposed
into a smooth part (with the maximum at k = ke, ~ 0.02h/Mpc corresponding to the
matter-radiation equality) and an oscillatory part (or wiggly power spectrum) that describes
the impact of the BAO,

Piin(n.k) = g(n)*P(k) = g(n)* (Ps(k) + APy (k)) . (2.11)
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Figure 3. Ratio of oscillatory (wiggly) part P, of the linear power spectrum to the smooth part
P, obtained using two separation prescriptions. The ACDM cosmological parameters have been
chosen as in [25]. The solid curve corresponds to the decomposition used in numerical computations
in Sec. 7. The alternative decomposition (dashed curve) is used for cross-checks.

Here we have factored out the time-dependence given by the growth factor ¢ = D(z) and
introduced a book-keeping parameter A to count the powers of P,, in various expressions.
As for the vertices, the bar denotes the time-independent power spectra. The amplitude of
the wiggly power spectrum is suppressed compared to that of the smooth power spectrum
in a realistic cosmological model. Its value can be estimated as [26] (see also [27]),

P, N o )

=0 (e meemmea) Z2 )+ 0.05. 2.12

o o (212)
The wiggly power spectrum P, can be parametrized as [26, 27],

Py (k) oc sin (k/kose) exp [—(k:/k:gilk)Z] T(k), (2.13)

where 1/kysc ~ 110 Mpc/h, the Silk damping scale is kg ~ 0.2 h/Mpc and T'(k) is the
dark matter transfer function which is slowly varying' with k. For our numerical analysis
we do not use (2.13), but extract the wiggly part by fitting a smooth multi-parameter
template to the linear power spectrum for a given cosmological model. The details of this
procedure are outlined in Appendix B. The corresponding (time-independent) ratio P,/ Ps
is shown by the solid curve in Fig. 3 for the case of the reference cosmological model used
later on. Notice that this ratio vanishes both at low and high wavenumbers.

To check that the results do not depend on the precise prescription for separating the
total power spectrum into smooth and wiggly components, we have also used an alternative
decomposition (see Appendix B) with P, /Ps depicted by the dashed curve in Fig. 3. We

Tt tends to 1 at k < keq and behaves as Ink/k? at higher k.



find that the difference in the final results for the total power spectrum and the correla-
tion function obtained using the two forms of P, are at the sub-percent level, below the
uncertainties introduced by other approximations. This is to be expected: the ambiguity
in the wiggly-smooth decomposition is relevant at large scales, & < 0.03 h/Mpc, which are
essentially unaffected by the non-linear IR dynamics. As will become clear later, in the
physical observables at these scales the smooth and wiggly components are simply summed
back, and the ambiguity disappears. Similarly, an overall vertical off-set between the two
curves in Fig. 3 at k = 0.1 h/Mpc does not contribute into the BAO feature.

The decomposition (2.11) can be extended to all the ', vertices, since they are func-
tionals of the initial power spectrum. Let us start with T'y from (2.10),

1 Pub) ,
P - B P2 O (2.14)

5 (k, —k) + ATH(k, —k) + O(A\?).

bk, —k) =

Given that the vertex Iy, generates all the higher vertices by the recursion relation (A.5b),
one can introduce a similar decomposition for all the T, vertices

Tl =TS+ AT+ 0(\?). (2.15)

The T/% (/) vertices are computed using 'y’ (I's) as an input in (A.5b).

-2
D g (n)’w
AR = GP)Pu(k) = — 5 Tk ke ks),
-2
D, g 77 s
—— = PR, = - L0 ke ).

Figure 4. Example of Feynman rules for wiggly and smooth elements.

The decomposition (2.15) can be introduced back in the partition function (2.7). Since
the C),, and K, kernels are not functionals of the linear power spectrum [24] (see also
Appendix A), they are not subject to the wiggly-smooth decomposition. The leading order
O(AY) corresponds to the smooth correlation functions. The O()) results include the wiggly
contribution. In terms of diagrams, they can be summarized in the form of a new wiggly
propagator g2P,, (represented by a wiggly line) and by wiggly vertices I'/* (represented by



a dashed circle), see Fig. 4. We use small dots to depict the smooth vertices and straight
lines to represent the smooth power spectrum. The terms O(\?) are quadratic in P, and
will be neglected.

The graphs with the wiggly elements are loosely referred to as wiggly graphs. For
instance, the tree-level wiggly bispectrum is given by the following four wiggly graphs?,

(07 (k1)6,(k2)0, (k3)) 5 = >— ,J‘r + > + (2.17)

3
=—Xg'(n HP Y (k1, ko, k3) + Z H T5(ki, k2, ks)

Jj=1
1#]

To obtain the matter density bispectrum one has to add to the previous expression six
more graphs with the vertex Ko,

A6, (k1)dy, (ko) (ks))iree = }— + permutations (2.18)

3

== Xg*(n) D (Pulky)Ps(ki) + Ps(k;) P (ki) Ka(ki,kj) 6 (Y k) .

i<j=1 1

In what follows we set A = 1 whenever there is no possible confusion.

3 IR enhanced diagrams and power counting

One of the advantages of the TSPT approach is that all of its building blocks are free
of spurious infrared enhancements. In particular, the T, vertices are finite in the limit
{q} — 0, where {q} is any subset of the arguments of ', [24]. In contrast, within SPT
individual vertices have poles in ¢ which cancel only after summing all contributions at
a given order. Nevertheless, as mentioned previously, for a linear power spectrum with
an oscillatory behavior the cancellation of enhanced terms is incomplete for ¢ 2 kos.. In
this section we show how to extract these enhanced contributions within TSPT and then
discuss power counting rules. These are helpful to organize the resummation of enhanced
contributions, and later on to develop a perturbative expansion for taking sub-leading
corrections to the resummed result into account.

3.1 IR enhanced vertices

We consider a TSPT n-point vertex f‘n(kl, ... k) evaluated with arguments k; that have
magnitudes given schematically by two different scales: a hard scale denoted by k and a

2 In terms of SPT kernels the result of (2.17) can be rewritten as

(O (k1)Oy (k2) Oy (ks)) 1,

K _ ) _ _ (2.16)
=2Mg" (1)G2(k1,k2)(Py (k1) Ps(k2) + Py (k2)Ps (k1)) + permutations .

~10 -



soft scale denoted by ¢, with
q/k < 1. (3.1)

Let us first analyze the three-point vertex [';*. Using (A.4b) or (A.5b) we find,

Py (k)
P2 (k)

Pu(q)
PZ(q)

where I is given in (A.6). In the limit (3.1) the rightmost term in (3.2) is smaller than

Py(k +4ql)

Tk, ~k—q,q) = Ir(k, Q) oo
3 e )

+12(_k_q7 k)

+1I(-k—-q,q) , (32)

O(q/k) and will be neglected in what follows. The other terms provide an expression of
the form

% (k,~k — q,q) =kq‘2q (Pwﬂk };“(2); & “’(k)) +0((g/K)°) | (3.3)

where we have used that the derivatives of the smooth component scale as 1/k and expanded
Py(Jk + q|) = Ps(k) + O(q/k). In contrast, we kept the finite difference for the wiggly
component that varies substantially for ¢ 2 ko

It is convenient to use compact notations by introducing the linear operator

Da[Pu(k)] = qu (Puliic+al) = Pulk)) = <53 (5% = 1) Py () (3.4)

q? K=k

This operator will play a central role in the following, and therefore we elaborate on some
of its properties. Consider first its action on a purely oscillatory function e**/kose where
we are interested in the case k > k,s.. Expanding the exponent in the small parameter

q/k we obtain,
Dq[eZk/kosc] ~ q2q (elq COS(k7Q)/kosc _ 1) elk/kosc , (35)

%?. For q 2 kosc the expression in the brackets is of order

one, whereas the prefactor is enhanced by k/q. On the other hand, if ¢ < ks, Eq. (3.5)
reduces to

where we introduced cos(k, q) =

Dy [e*/h] a2~ cos?(k, q) /o, (3.6)

oSsc

so that the enhancement is given by k/kys.. In a more realistic case the wiggly power
spectrum can be viewed as an oscillating function that is modulated by a smooth enve-
lope, Ppu(k) ~ fony(k)e!/koset®) pe e with? V fone(k) ~ O(1/k) fono(k). For example,
the parametrization (2.13) is of this form. Inserting this parameterization into (3.4) one
observes that the derivatives acting on the envelope are suppressed compared to those
acting on the oscillating part. They must be taken into account only when looking at the
sub-leading corrections. We conclude that

Dy[Pu(k)] ~ O(e™") Pu(k) | (3.7)

3Strictly speaking, due to existence of the Silk damping, V fenv(k) ~ O(max(l/k7 l/ksuk))fenv(k).
However, we use the simpler estimate from above since in practice we do not consider values of k that are
parametrically larger than kgix.

- 11 -



where we introduced the small parameter
e = max (¢/k, kosc/k) - (3.8)

As we are going to see shortly, the enhancement by 1/e is the reason why the naive
SPT loop expansion breaks down for the BAO. The sub-leading corrections coming from
the derivatives of the envelope and higher terms in the expansion of the oscillating part
correspond to contributions of order €° (or higher powers of ¢) that are suppressed relative
to the leading 1/ enhancement. This will be important to establish systematic power
counting rules.

It turns out to be useful to extend the action of Dy to any wiggly element. This is
done by recalling that the latter are linear expressions in P, with smooth k-dependent
coefficients. Then, by definition, Dq acts on any occurrence of P, according to (3.4),
leaving the smooth coefficients intact. For example,

Dq [P (k1)]

P2(k) , (3.9

ks=—ki—ko

Dq[T5 (k1, ko, k =
ol (kn ko ka)]| <

Io(lo Ke) + pm)

and similarly for other I'/. Note that an immediate consequence of this definition is that
Dq commutes with itself,
Dy, D, I = Dy Dy I (3.10)

a2+ n
The result (3.3) for the 3-point vertex can be generalized by induction to arbitrary

n-point vertices with m hard wavenumbers k; and n —m wavenumbers q; going uniformly
to zero. In Appendix C we prove the following formula,

n—m n—m
0 (1, ko= 3 g s ) = (1" ] Do, | 061, )] ¢ (140(6))
j=1 j=1
(3.11)
where k,,, = — er;l k; due to momentum conservation. Note that the leading IR enhance-

ment o< (1/)"~™ is equal to the number of soft arguments. The maximal enhancement
happens for the case of n — 2 soft wavenumbers where we have

n—2 n—2
e (x, —k—;qi, At oz = (~1)"2 (H in> 15 (k, —k)] x (1+O(e))

i=1
B (3.12)
n—2 ] /
_ (_l)n—l [H (kéng)(eqi'vk’ _ 1) PU;((IZ)) - % (1 + O(E)) ’
=1 i s

which scales as O(¢~"*2). Clearly, the sensitivity of the vertices [* to the large parameter
1/e grows with n. In the subsequent sections we show how these large enhancement factors
can be resummed within a systematic approach.

3.2 Leading diagrams and power counting rules

Consider a loop diagram containing a wiggly TSPT vertex I'¥V with m external legs and
(n —m) legs attached to the loops. As we saw above, this vertex is enhanced by powers
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1/e in the limit where its arguments q; flowing in the loops become soft compared to the
external wavenumbers k;. In order to extract the corresponding enhancement of the loop
diagrams, we split all loop integrations into a soft part with ¢ < kg and a hard part with
q > kg. The scale kg is in principle arbitrary, and observables do not depend on it when
computed exactly. Nevertheless, this splitting allows us to separately treat the IR and UV
parts of loop integrations, and resum the large IR loops. Any residual dependence on kg
should be taken as an estimate of the theoretical uncertainty, that should become smaller
and smaller when computing at higher orders. In practice, the BAO feature is mostly
affected by the modes with ¢ between k,s. and kg;ix, so the range kosc < ks < kgiip can
be expected to lead to good convergence properties. We will return to the choice of kg in
Sec. 7.

To account for the IR enhancement, we identify the expansion parameter with (cf. (3.8))

£= -, (3.13)

where kosc < (q¢) < kg is the characteristic scale giving the dominant contributions into
the IR loop integrals. As will become clear below by inspection of the eventual expres-
sions (3.17), (7.2) for the IR enhanced loops, the integrand in them peaks roughly at the
maximum of the smooth power spectrum implying (g) ~ keg.

In addition to €, the relevant parameter that controls the loop expansion is given by
the variance of the input linear power spectrum. The latter is dominated by the smooth
component Ps. Due to the splitting into an IR (‘soft’) and UV (‘hard’) parts we can
discriminate two variances

0% = 92/ d*q Py(q) ,
q<ksg

a,% = g2/ d3q Ps(q). (3.14)
q>ks

For example, for a realistic ACDM model one has 0% ~ 0.16¢* (recall that g = D(z)) for
the choice kg = 0.1h/Mpc, whereas 0,21 is formally UV divergent. In practice, the hard part
of the loop corrections remains finite due to additional suppression of the actual integrands
in the UV. Still, these corrections are UV dominated and their reliable calculation requires
proper renormalization of the contribution due to very short modes. On the other hand,
while the importance of the UV counterterms increases for high wavenumbers and at higher
orders of the perturbation theory, they are not essential for the calculation of hard one-
loop corrections to the power spectrum at the BAO performed in this paper. The latter
corrections are well-behaved and are of order fewx10% at z = 0. We postpone the study of
the UV counterterms in TSPT for future work and focus in this paper on the IR loops. a%
will be used in what follows as a formal counting parameter for the number of hard loops.

Although 0% seems to be rather small, we will now argue that soft loops are enhanced
by a factor 1/e2 ~ O(10) for the wiggly observables. Therefore they are proportional to
the product a% x 1/e% which is O(1) at low redshift, implying that the corresponding soft
loops need to be resummed. Consider, for example, 1-loop corrections to the wiggly ©©
power spectrum, given by the following TSPT diagrams,
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1 loop
Pw oo

Coe 4 son

ry I
+ + : (3.15)

I‘w

The loop integration in each diagram can be either4hard, q > kg, in which case the diagrams
are counted at order O'}QL, or soft, ¢ < kg, and are of order a%. Only the soft contributions
can be IR enhanced, so we focus on them for the moment. The diagrams in the first line
of (3.15) are never IR-enhanced, i.e. they are at most of order £ x 0%, because they do
not contain a wiggly vertex. On the other hand, the diagrams with the wiggly vertices
do receive an IR enhancement. The first diagram in the second line contains I'Y’ and is
according to (3.12), (3.7) of order 1/e x o%. The last diagram contains 'Y, and using
(3.12), (3.7) we find that it is of order 1/e? x ¢% and thus is the most IR-enhanced one-loop
diagram. At leading order in € it is given by

2 —
— 0 [ PPl ) = ~*SPulR), (310
fw 2 q<ks
4
where in the last step we defined the operator S which can be written as
) — 5 (k- q)2
S Py(n; k) = [dq) Ps(q) (1 —cosh(q- Vi))Pu(n; k)| (3.17)
q<ks q* k'=k
In terms of our power counting
S Pu(n;k) ~ O(1/* x 0%) Pu(n; k) . (3.18)

As discussed previously, the product 1/e? x 0% can be of O(1) at low redshift and therefore
this one-loop contribution can be comparable to the linear wiggly spectrum.

In order to identify and eventually resum such terms we now discuss how to determine
the order of an arbitrary L-loop diagram in our power counting. This is valid for any
n-point correlation function, with external wavenumbers k; around the BAO scale, kg;;x =
ki > ks, kose. Given a TSPT diagram with L loops (i.e. scaling as g>%), one must

1. choose for each propagator and each vertex whether it is smooth or wiggly. Since we
are interested in diagrams that contain one power of P,,, at most one element (either
propagator or vertex) can be wiggly. To obtain the full answer, one eventually needs
to sum over all possibilities to choose a vertex or propagator to be the wiggly one.

2. assign each loop to be either hard (¢ > kg) or soft (¢ < kg). Formally, this can
be done by splitting the linear input spectrum into two parts as Py, (q) = 6(q —
ks)Piin(q) + 0(ks — q)Pin(q), and calling a loop hard if all propagators and vertices
along the loop contain only power spectra of the former type*. The number of hard

4 Strictly speaking, the splitting into hard and soft contributions is only necessary for the loops that
contain a wiggly vertex. For other loops, since 0 4+ 07 & o: in a realistic case, it is effectively irrelevant
whether we make this split or not.
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loops is denoted by Ly and the number of soft loops by Ls. Trivially L = L+ L, and
the diagram contributes at order (02)Ls x (02)l%. Again, to obtain the full answer,
one needs to sum over all assignments eventually.

3. count the number of soft lines that are attached to the wiggly vertex. We call this
number [. According to (3.12), the IR-enhancement is 1/¢’.

The order in our power counting of a contribution characterized by the numbers (Ly,, Lg, 1)
is therefore given by®

0 ((ag)Ls x (02)Er x 1/51) . (3.19)

If a diagram contains no wiggly vertex then [ = 0 and no IR-enhancement occurs. The
most IR-enhanced contributions have the largest value of [. As a single loop cannot contain
more than two lines attached to the same vertex, we have the inequality [ < 2L;. This
means that the most IR enhanced contributions are of order (6%/€2)%s x (o). As argued
before 0% /€? is O(1) at low redshift and therefore it is desirable to resum all diagrams with
the maximal enhancement | = 2L,. This is the subject of the next section.

4 Resummation of leading infrared effects

Here we perform the resummation of dominant IR enhanced diagrams contributing into
wiggly observables. We start with the power spectrum, then consider the bispectrum and
outline the generalization to higher n-point functions. We work at the order (07)?, i.e.
neglecting the hard loop corrections. The task of taking them into account is postponed
till Sec. 5.

4.1 Power spectrum

The most IR-enhanced contributions correspond to diagrams with [ = 2L and Ly = 0,
i.e. all loops are soft and they contain a wiggly vertex to which | = 2L soft lines are
attached. At one-loop, the most IR enhanced diagram is the tadpole diagram (3.16) with
Ly = 1 soft loop and [ = 2 soft lines attached to 1_“4” (the two lines that belong to the loop).
At two-loop, Ls = 2, the most IR-enhanced diagram should contain a wiggly vertex with
I = 4 soft lines attached to it. In addition, the IR enhancement can only occur if also a
hard momentum flows through the wiggly vertex. For Lj = 0 this can only be the external
momentum. Therefore, the most IR-enhanced diagram has to contain a wiggly vertex I_”é’
with four soft arguments attached to loops and two hard arguments that correspond to
the two external legs. The only possibility that remains is a single diagram, given by
a double-tadpole. Analogously, at higher loop orders, the most IR-enhanced diagrams
are obtained by attaching more and more loops to the wiggly vertex in the center. The
first few diagrams that contribute to the wiggly part of the power spectrum are shown in
Eq. (1.2). It is natural to call them daisy diagrams. Note that the leading IR-enhanced
contributions are the same for the density and velocity power spectra. Indeed, within

5To be more precise, this provides an upper estimate for the magnitude of the contribution. Specific
terms can be further suppressed, as will be seen below.
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TSPT the § power spectrum is obtained from that of © by adding diagrams with the
kernels K, (see Sec. 2.1). These kernels do not depend on the wiggly power spectrum and
are therefore not subject to IR enhancement. Consequently, diagrams involving K, kernels
give subdominant contributions at each loop order.

The daisy diagram with L loops, all of which are soft (i.e. Ly = L), is given by

1

}%JMMOW%%:_@L+mi

(2L + 2)(2L + 1)(2L — 1)1

(4.1)

X H |:/ <k dqz 2P (qz):| g4Ps(k)2 _QF,QlZfQO(k7 _kv 1, —91,--- 4L, _qL) .
qisRs

The symmetry factor in this formula arises as follows: there are (2L + 2)(2L + 1) ways to
choose the two external legs, and (2L —1)-(2L—3)-...-1 ways to connect all the remaining
lines into the loops. Making use of (3.12), one obtains

9 L
—— L'H[ [ alPaDa D | Putork) = RO Rk

(4.2)

where the operator S has been defined in (3.16). The sum over all daisy graphs gives the
leading-order IR-resummed wiggly power spectrum

plRreslO(y ) = N pLrloonlO(y: ) = o WS P, (5 k). (4.3)
L=0

We see that the operator S exponentiates.
The total power spectrum is obtained by adding the smooth part which, to the required
order of accuracy, can be taken at tree level. This yields,

plr res,LO _ Ps(n; k) 4 e*QQ(ﬂ)SPw (T]; k) . (44)

Let us stress again that this expression holds both for the density and velocity divergence
power spectra. Moreover, it is the same in ED and ZA as the expansion (3.12) used in the
derivation is valid in both cases. The difference between ED and ZA and between § and ©
appears for higher correlators and for the power spectrum beyond the leading order.

4.2 Bispectrum and other n-point correlation functions

In this section we extend the resummation procedure of the IR-enhanced loop contributions
to the wiggly part of higher order correlation functions. We first discuss the bispectrum
and then general n-point correlation functions.

The wiggly part of the tree-level bispectrum for the velocity divergence field is given
by the four graphs (2.17), whereas for the density bispectrum one has to add the graphs
(2.18). At one loop order, and assuming all external wavenumbers are hard, the most
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IR-enhanced contributions are obtained by ‘dressing’ the wiggly vertices and propagators
in (2.17), (2.18) with a soft loop (¢ < kg) attached to the wiggly vertex,

By ass? 0 (k1 ko, ky) = (4.5)
q q q
ko ky \ I3 ky \ K>
k; fw ks + K o s + K, o s + perm.

Within our power counting, these diagrams contribute at order 0'% x 1/e% compared to
the tree-level bispectrum. Using a similar reasoning as for the power spectrum, one finds
that at higher loop orders the most IR-enhanced corrections are given by daisy diagrams
obtained by attaching more soft loops to the wiggly vertices appearing in each diagram in
(4.5). Parametrically, these L-loop diagrams scale as

L—loop,LO 2 /.2\L
Bw,aa%op ~ (o1./€%) BZ,%%& ) (4.6)

and thus need to be resummed.

The daisy diagrams centered on the propagator (like the second and third terms in
(4.5)) are essentially the same as those appearing in the calculation of the power spectrum
from the previous subsection. They are evaluated using Eq. (4.1) and their resummation
leads to the replacement of the external wiggly propagators in the tree level expression,

Py e 9SP, . (4.7)

A new type of contributions comes from one-particle-irreducible (1PI) diagrams with soft
loops dressing the 3-point vertex (like the first diagram in (4.5)). In view of future uses,
let us consider the general case of a wiggly vertex with n hard wavenumbers dressed by L
soft loops,

(4.8)
= OL4n).2L41) 2L—1)
(n+2L)!
L
X H |:/ [d(:h] 92Ps(¢_h)] g_2F;7%U+2L(k17 (X kn7 q1, —q1,---, 9L, *QL)
i—1 Lai<ks
Using Eq. (3.11) we obtain for the leading IR-enhanced part,
_ (=9*S)* oo
Vi loop O — — 9 T (ky, . Ky) - (4.9)
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Clearly, resummation of these diagrams results in the substitution of the wiggly vertex,
T (ki, ... kn) = exp {—g*S} T/ (ki, ..., kn) . (4.10)

Combining all terms together, one obtains the resummed bispectrum,

3
B0 (K ko, ks) = — g ()0 (D ki) [Hﬁsum =T ST (ky ko, kes)

3 3
" Z e WS P, (k) H Py(k;) T (k1, k2, k3)
i—=1 =1
I i#j
n Z —g%(n)S (P (k;) Ps(ki) + Ps(kj) Pu(k;)) Ko(ki, k;)
1<j=1
—e—9°(n DS Blrees(n;: ki, ka, ks) .
(4.11)

Recall that in the last expression the operator e~9°S should be understood as acting on
every occurrence of P, in the tree-level expression for the bispectrum. In terms of the SPT
kernels, Eq. (4.11) can be rearranged into a somewhat simpler form,

3
BLSH R0 (K Ko, Ky) = Z (ki lej)e ™00 (P (s k) Pans k) + 4 5) . (4.12)

The total bispectrum is obtained by adding to this expression the smooth tree-level part.

The above result extends to any equal-time n-point correlation functions €, (kq, ..., k;)
of § or © with hard external legs. Namely, the IR resummation at LO amounts to simply
substituting the wiggly part of the linear spectrum, P,,, that enters via wiggly vertices and
propagators within the TSPT tree-level calculation, by the resummed expression efgzst.
This can be summarized in the following compact form,

CIRTesLO (K, ky,) = €7 [Py + ¢ 9P, (k1 .o ki) (4.13)

where €7 is understood as a functional of the linear power spectrum. Note that, since the
tree-level n-point correlation functions, when summed over all perturbative contributions,
coincide in SPT and in TSPT, one can equivalently use the replacement (4.7) in the usual
SPT computations. However, the clear diagrammatic representation as daisy resumma-
tion is only possible within TSPT. In addition, TSPT allows to systematically compute

corrections to the LO resummation presented above.

5 Taking into account hard loops

So far, we have considered and resummed the contributions that in the power-counting

0

scheme of Sec. 3.2 are of order (07)° x (0% x 1/e2)Fs. We now discuss corrections to this

result. One can discriminate two types of corrections:
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(1) Soft diagrams with non-maximal IR enhancement, characterized by [ = 2Lgs — 1 (see
Eq. (3.19)), as well as the subleading terms in the diagrams considered in Sec. 4.
These contributions are suppressed by one power of € relative to the leading order.

(2) Diagrams with one hard loop, Ly = 1, and otherwise maximal IR enhancement
I = 2L,. These diagrams are suppressed by one factor of O'}QL relative to the leading
order.

We refer to these two types of contributions as NLOg and NLOy, respectively. When
combined, they constitute the total NLO correction. In this section we analyze the contri-

butions of the second type, while NLOy corrections will be included in the next section.

We start from the ‘hard’ 1-loop contribution to the wiggly matter power spectrum?®,

Pl loop 77’

K3
iz I3 '
+ g +

Qg e -

where the wavenumber p running in the loop is taken to be above the separation scale kg,
p > kg. Note the appearance of a diagram with the counterterm Cs in the second line.
Similarly to the case of the tree-level bispectrum, all wiggly elements in these graphs can
be dressed with soft daisies producing contributions of order

o2 x (0% x 1/e%)ks (5.2)

Resummation of these contributions proceeds in a straightforward manner using the general
expressions (4.8), (4.9) and yields,

IR res,NLO _g? 1-1
Puss M (mk) =ef (n)spw,aéoop(m k) hard’ (5:3)

where the r.h.s stands for the 1-loop diagrams (5.1) computed using the wiggly power
spectrum e=9°S P,, instead of the linear power spectrum P,, as an input.

SFor the © power spectrum one simply omits the diagrams containing the kernels K.
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Two comments are in order. First, the diagrams in the third and fourth lines in
(5.1), as well as their descendants obtained by dressing with daisies, contain a wiggly
element inside the loop. This implies that the integrand of the corresponding loop integral
is oscillating leading to cancellation between positive and negative contributions. As a
result, the corresponding diagrams are further suppressed compared to the naive estimate
(5.2). In fact, the suppression is formally exponential, as follows from the general formula
for the Fourier transform of a smooth function,

/[dp] Sin(p/kosc)fsmooth(p/k) ~ e_k/kosc ~ 6_1/6 .

From the viewpoint of our power-counting scheme, these contributions are ‘non-perturba-
tive’ and can be included or neglected without changing the accuracy of the perturbative
calculation. We prefer to keep them as it allows us to write the result of the IR resummation
in the compact form (5.3).

Second, an alert reader might have noticed that the contributions discussed so far,
namely those obtained by the daisy dressing of (5.1), do not exhaust all possible diagrams
that formally would be of order (5.2) by the power-counting rules of Sec. 3.2. The remaining
diagrams fall into two categories. First, there are diagrams where a hard line closes on a
wiggly vertex, which is in its turn attached to the external legs via a soft loop; a two-loop
example is given by

p

q . (5.4)

However, these diagrams necessarily contain a wiggly vertex inside a hard loop and thus,
according to the previous discussion, are exponentially suppressed. They can be safely
neglected. Another set of extra diagrams is given by the graphs where a hard loop is
attached to a smooth propagator that belongs itself to a soft loop. For example, at two-
loop order these are

p
p
. Co
T q qa
q + + (5.5)
X Ly Ty
fw 4 4
2
9 -1
) / [dq]Psl,G(gop(Q) DgD—qPu(n; k) -
q<kg hard

The subdiagrams attached to the soft loop combine into the hard part of the one-loop

correction to the smooth velocity divergence power spectrum Ps1 élg)p (7;q), see [24]. As

before, the ‘hard part’ means that the loop integration in P; élémp (q) is restricted to p >
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ks. This correction could be viewed as a loop-correction to the operator S suggesting
to substitute the smooth power spectrum in S by P, — P, + P;g)g‘)p ’ . While it is
tempting to do this replacement, we refrain from this step for two reasons. First, this
would correspond to a partial resummation of hard loops, and therefore goes against the
rigorous expansion in our power counting parameters. Second, and more importantly, the
hard loop corrections to the power spectrum are universally suppressed as ¢2/ k% at soft
momenta ¢ < kg due to the well-known decoupling of long and short modes [28, 29] (see
also [30]). This suppression essentially removes the IR enhancement of the operator DgD_q
in (5.5), so that the term (5.5) is suppressed by (g)?/k% compared to the contributions
resummed in (5.3). Here (g) is the characteristic IR scale which, as discussed in Sec. 3.2,
is of order keq. Therefore, the contribution (5.5) is small as long as k.; < kg. In the
real universe the hierarchy between kg and k., cannot be too large. Nevertheless, we
have checked numerically that for the standard ACDM and the realistic range of values
ks ~ O(0.1h/Mpc), the contribution (5.5) is quantitatively unimportant. In what follows
we neglect the diagrams with hard loops inside soft ones.

The expression (5.3) can be cast in a more convenient form by the following steps. Let
us add and subtract the soft part of the one-loop diagrams,

IR res,NLO}, ___—g?S pl—loop —g28 pl—loop —g%8 pl—loop
P, 55 =e 7P, 5 +e 7P, 5 —e 7P 5
hard soft

, , soft (5.6)
=e TSP 5" + eSS Py

where in the last line P55 stands for the total one-loop correction and we used Eq. (3.16)

to express the leading soft-loop contribution. Combining this with the one-loop correction
to the smooth power spectrum and the LO expression (4.4) we obtain the final expression
for the power spectrum with NLOy, corrections included,

Pg[;{ res,LO+NLO), _ Pt (1 +g23)6792‘5Pw n P(glé—loOp [Ps + efQQSPw] ) (5.7)

Here P(s1 glwp is understood as the functional of the input linear power spectrum; the latter
has been modified by the IR resummation. Note the appearance of the term 9286_928 P,
in the ‘tree-level’ part of the expression (5.7) that is important to avoid double counting
of the soft contributions.

The formula (5.7) can be straightforwardly generalized to other n-point functions, both
of density and velocity divergence. We give here the final result without derivation,

@{LR res, LO+NLOp _ Qz"ee [Ps + (1 + gQS)e—gQSPw] + Q::Lfloop [Ps + e*QQSPw] . (58)

Moreover, it is possible to include higher hard loops, i.e. corrections of order azL’” with

L, > 2. Let us do it for the power spectrum’. Repeating the arguments that led to

Eq. (5.3), one finds at the NNLO}, order,

IR res, NNLO;, __ _—g*S p2—loo
P, h=e9°P; phh, (5.9)

"The derivation does not depend on the type of the power spectrum (65, ©© or ©6) so we do not specify
it explicitly.
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where the 2-loop contribution on the r.h.s. is ‘double-hard’, i.e. the integration in both
loops run over p > kg. This is equivalently written in the form,

2 _ _ 42 _ —a? _
Pu[]R res, NNLO, _ e 9 SP3} loop e 9 SPS, loop —e 9 SPuQ) loop , (5.10)

hs ss

where the first term contains the total 2-loop contribution, whereas the second and third
terms are ‘hard-soft’ and ‘soft-soft’ respectively. Next, we use the relations valid at the
leading soft order,

482
Pi_loop — g Pu) ) (511&)
SS 2
Pg)_lOOp Ny _ —QQSP&)_ZOOP . _ —QQSPI}}_ZOOP _ 9482Pw , (5.11b)

where to obtain the last expression in (5.11b) we have again added and subtracted the soft
one-loop contribution. Combining everything together and with the NLOy, expression (5.7)
we arrive at a compact formula,

452
plR7es, LOFNLOW+NNLOy _p 4 (1 PSS+ g )e—gzspw
2 (5.12)

+PI0P [P 4 (14 g2S)e 9" P,] + PP0P [P+ e79P,] .

Its extension to other correlation functions and to higher orders in hard loops can be done
by proceeding analogously.

The expressions (5.7), (5.8), (5.12) do not take into account subleading soft corrections.
These are formally of order ¢ and thus can be expected to be significant as in the real
universe the latter parameter is not small, € ~ 0.2 + 0.3. Therefore the next section is
devoted to a detailed computation of these corrections. Notably, we will find that the
dominant NLOg corrections are already captured by the one-loop term in (5.7) for the
power spectrum, such that it works remarkably well. Still, it is important to properly
assess the NLOg contributions because they are required for a reliable determination of the
shift of the BAO peak, as discussed in Sec. 7.4.

6 Resummation of infrared effects at next-to leading order

Here we discuss corrections to the power spectrum that are suppressed by one power of
e relative to the leading order IR resummed results discussed previously. There are two
possibilities to obtain such corrections: (a) On the one hand, one can consider the same
daisy diagrams, i.e. with maximal IR enhancement [ = 2L, but take into account the first
sub-leading correction in the expansion of the wiggly vertex (3.12). (b) On the other hand,
one can consider new diagrams with [ = 2L, — 1. All diagrams that contribute at O(¢) to
the velocity divergence power spectrum at increasing number of loops are given by
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P;}%gs,LOJrNLOS(n; k:) — O\At\l:v\fv + - +
4
I3
Y D
+ — + <
Ty ry (6.1)

I3
@ o )3
+ + % + o
®N N
7

Here all loops are soft, i.e. integrated over wavenumbers below kg. The daisy diagrams
containing the vertices FZ’,F%",F” .. at 1, 2, 3-loop, and so on, belong to the category
(a). The diagrams containing TY,T'¥,T¥ ... at 1, 2, 3-loop, and so on, have [ = 1,3,5,...,
and therefore belong to category (b). All diagrams in category (b) are related to two new
diagrams: the fish (last diagram in the first line) and oyster (last diagram in the second
line). All higher-loop diagrams of type (b) are obtained by dressing the wiggly vertex
contained in these diagrams with daisy loops, such as e.g. the middle diagram in the
second line and the last two diagrams in the last line. The matter power spectrum includes
in addition at O(e) the dressed fish diagram with the vertex Ky,

PIR res,LO+NLO IR res LO+NLO
w,00 - w ,00

Z@ S T

We first consider the diagrams of type (b). Dressing of the fish diagrams simply leads
to the already familiar replacement (4.7). We do not need these contributions explicitly,
as our eventual goal is to combine them with the hard corrections (5.3) to form the total
fish diagrams evaluated using the modified wiggly power spectrum (4.7).

For the oyster diagram, a straightforward evaluation using the expansion (3.11) for T'¥
and the exact expression for fg yields,

I3
5P1})7—();20t];r — @ (Sa + Q%Sb)P (k) , (6.3)
soft I‘150 soft
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where we introduced the operators,

5 Pulh) =2 [ ldalldd1Pu(0) o)™ D2 @) G q.9) (1 = cosh(q-V)) Pu (k).

q4q/4
9,9'<ks
(6.4a)
S'Pu() =2 [ ddldd|Pu(a)Pu(a))sin(a, )
4,9'<ks
(k- a)(k - ) (k- (a+q) _ o
X 20 (q 1 q)? sinh(q-V)(1 — cosh(q-V)) P, (k), (6.4b)

and » =1 (5 = 0) in ED (ZA). The dressing of the wiggly vertex by daisies again leads to
the replacement (4.7) in this formula,

§pl R res,NLOs oS+ Q%Sb)e*QQSPw(k:) . (6.5)

w oyster

Next, we turn to the contributions of type (a), i.e. daisy diagrams expanded to the
NLO; order. Remarkably, these also can be resummed. To see this, we need the first
corrections in € to Eq. (3.12). The latter are derived in Appendix C with the result,

n—2
f\;;U,LO-i—NLO <k> -k — Z qi,q1, -, qn—2>
=1
~ (6.6)
Py (k)
H Dq, + Zf,’ H Dq, + Z ‘Fqu%z H Dq, P2 k:)
Ji,J2=1 =
17&] 7J1<J2 175]1732

where ¢ and Fq,q, are new finite-difference operators acting on P, that are defined in
(C.12) and (C.15). Inserting this expression into Eq. (4.1) and summing over the number
of loops L we obtain,

PR res LOTNLO: — (g2 4 ghse — g88% — g5:08%)e ™S P, (k) , (6.7)
where 1
S Pulk) = 5 / . [A01P(0) (EqD-q + £-qDa + Foma) Pulh). (6.8)
S
and we used the relation
1 _
3 VPP FaD-gDoq = —(S" 4 S"). (6.9)
S

It is desirable to connect the expression (6.7) to the one-loop daisy graph computed
using the modified linear power spectrum,

§plloon LOYNLO:(p 4 ~¢*Sp | | (6.10)

w,daisy

One may be tempted to compute this by simply making the replacement (4.7) in the NLO
expression (C.14) for the vertex function I'}*. However, this would produce a mistake at
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the NLO; order. The reason is that the operator S depends on the hard wavenumber k
(see Eq. (3.17)). When I'}? is evaluated with the new wiggly power spectrum e~9°S P, the
operator S gets shifted,

S| - S‘kiq =S, + ASlq :

The correct expression for the vertex taking this shift into account is derived in Appendix C,
see Eq. (C.23). Using it to evaluate the loop we obtain,
= (= g'S +¢'8° — ¢%8%)e TSP, (k). (6.11)

w,daisy

§ pl—loop,LO+NLOx P+ e,gzspw]‘
soft

This should be compared with (6.7). We have

(5PIR res,LO+NLOg :92(1 + 928)6_923pw + 5P1—loop,LO+NLOS [Ps + €_g2SPw]

w,daisy w,daisy

soft  (6.12)
— 96%81767928?“] .
Notice that the operators &%, §¢ have dropped out of this relation.
We are now ready to combine all NLO contributions together. These include the
resummed hard loops (5.3), soft fish diagrams, the contribution of the soft oyster diagram
(6.5), and the resummed daisies (6.12). Adding to them the smooth part we obtain,

PJ)R res,LO+NLO =P, + (1 + 928)67928Pw + Plfloop[PS + engSPw]

(6.13)
+ g8+ %Sb)e_92SPw .

This is our final result for the full NLO power spectrum. At face value, it differs from the
NLOy, formula (5.7) only by the last term. However, we emphasize that now all subleading
IR corrections have been consistently included. In particular, the one-loop contribution
differs for ZA and ED as well as for density and velocity correlators at the NLOg order.
The last term scales as g* compared to the leading piece. This reflects that it receives
contributions only starting from 2-loops. Nevertheless, this term is of order O(g) in our
power counting and therefore must be retained. Still, we will find below that it happens
to be numerically small.

7 Practical implementation and comparison with other methods

In this section we first discuss how the IR resummed power spectrum obtained in TSPT
can be evaluated in practice, and then compare to other analytical approaches as well as
to N-body data. In the last part we discuss the predictions for the shift of the BAO peak.

7.1 Evaluation of IR resummed power spectrum

After decomposing the linear power spectrum P'"(z,k) = D(z)*(Ps(k) + P,(k)) into
smooth and oscillating (wiggly) contributions®, we need to evaluate the derivative operator
S defined in (3.17), that describes the IR enhancement. This is done using

o - g,
R P (k) (14 0(9))

osc

Va1 : "vaznpw(k) = (_1)n

8 In this section we adopt the conventional notations and denote the growth factor g — D(z) and the
linear power spectra at z = 0 simply by Psw)(k) — Py (k).

— 95—



BAO damping factor £%(ks)

102 LA | T T |||",v||| T T T T T T 17T

—
e,

10°

22(ks) [(Mpc/h)?]

107"

ks [h/Mpc]

Figure 5. Dependence of the BAO damping factor 2 on the separation scale kg. Dashed curves
show the limiting cases discussed in the text.

where ¢ is the small expansion parameter related to IR enhancement defined in (3.8) and
k = k/k. Recall that kese = h/(110Mpc) is the scale setting the period of the BAO
oscillations. A straightforward computation yields

SP,(k) = K*$%P, (k) x (1+0(¢)), (7.1)

with
A [Fks

2= | daPa) [1]‘0 (kq) +2j < ,f)] (7.2)

where j, are spherical Bessel functions and kg is the (a priori arbitrary) separation scale
of long and short modes, that has been introduced in order to treat the perturbative

expansion in the two regimes separately. Since the exact result for the power spectrum
and other observables is independent of kg, any residual dependence on it can be taken as
an estimate of the perturbative uncertainty. The IR resummed power spectrum at leading
order following from (4.4) is given by

PIRTeLO (s, k) = D(2)? (Py(k) + e FPO™ P, (2)) | (7.3)

where the first term corresponds to the smooth part of the linear spectrum. The leading
effect of IR enhanced loop contributions is an exponential damping of the oscillatory part
of the spectrum.

Let us now discuss the choice of kg. By inspection of the integrand in (7.2) we find
that it peaks at ¢ ~ 0.03h/Mpc, but gives significant contribution into the integral up
to wavenumbers ¢ ~ 0.2h/Mpec. This is corroborated by the numerical evaluation of the
damping factor X2 as a function of kg; the result is shown in Fig. 5 for a realistic ACDM
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model. For very small values of the IR separation scale kg < kos. it approaches the limiting
form X2 — 27/5 foks dq ¢*Ps(q)/k2,., while for large kg >> kos. it asymptotes to a constant
3% = 02 =4r/3 [;° dg Ps(q). It is desirable to take kg as large as possible to include more
IR contributions and minimize the dependence of the damping factor on kg. On the other
hand, kg cannot be taken too large as the previous analysis relies on the IR expansions
which are valid for ¢ < k. As a compromise, we consider several values of kg around the
BAO scale kpao ~ 0.1h/Mpc. We are going to see that the dependence of our results on
the precise choice of kg in this range is very mild.

At NLO, the IR resummed power spectrum (6.13) can be written in the form?

PIR res,LO+NLO(Z7k) — D(Z)2 (Ps(ki) + (1 + kzD(Z)222)67k2D(Z)222Pw(k)>

+D(Z)4P17loop[PS + €7k2D(Z)222Pw} + D(z)6€7k2D(Z)2E2(Sa—i—%Sb)Pw(k) 7
(7.4)

where 32 = 1 in ED (3r = 0 in ZA). The first term in the second line of (7.4) corresponds
to the standard one-loop result, but computed with the LO IR resummed power spectrum,
instead of the linear one. As was demonstrated in [24], the sum over all one-loop diagrams in
TSPT agrees with the SPT result. Therefore, in practice, one can use the usual expression
pl-loop — p,, 4 2P;3, however evaluating the loop integrals Poo and P;3 with the input
spectrum (7.3) instead of the linear spectrum.

Finally, the finite-difference operators in the last term can be evaluated similarly to S.
After somewhat lengthy but straightforward calculation, we obtain

8 ks ( q ( q \] dPy(k) dP, (k)

S°P,(k) =—k k322/ dgP. 3 -2 W = 2 Y
w( ) 5 osc ) q S(Q)q I: J1 <k05c> J3 (kosc):| dk a g
(7.5a)

ks ! dPy (k) dPy (k)

bp — (472 k2 3/ "PA\P.(d q q w — 3y2tw

S w(k> ( ﬂ-) kosck 0 dqdq 5<q) S(Q)h kosc’ kosc dk k b dk )

(7.5b)
with 3

h’<$7y) = §(h1($,y) + hQ(xay) + hQ(yux» (76)

The functions hjo(z,y) are given in App. D. The result (7.4) is valid for both density,
velocity and cross power spectra when using the appropriate expressions for the one-loop
correction. In addition, one can obtain the result in ZA by using the corresponding one-loop
expression with kernels computed in ZA and setting s = 0.

9 Since we are keeping NLO terms, one should in principle keep also the first sub-leading corrections in
the evaluation of the derivative operator in (7.1). However, it turns out that this correction cancels in (7.4)
at NLO precision. The simplest way to see this is to go back to Egs. (6.7), (6.11) and substitute in them
the expansion (7.1) keeping track of the O(e) terms. By comparing the resulting expressions one finds that
the relation (6.12) holds with NLO precision if S is everywhere replaced by k*£2. As all other contributions
comprising (6.13) do not contain an O(1) part, the replacement S +— k?%? in them is also justified leading
to (7.4).
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The IR resummed result for the bispectrum is given at leading order in € and 0,21 by
(see Eq. (4.12))

BRSO (2 ky, ko, k) = BUges (21 k1, ko, ks)

3
+2D(2)" Y Pa(kikj) (e—k?D<z>222 Po(kj)Pu(k:) +1i j) :
i<j=1
(7.7)

where B¢ (2 ky, ko, ks) is the tree-level result for the smooth part, as obtained also in
SPT, and F»(k;, k;) is the usual SPT kernel [7]. The IR resummation again corresponds
to a damping of the oscillating contributions.

7.2 Comparison with other approaches

Let us now compare our results to other approaches existing in the literature. From a
phenomenological viewpoint, it is well-known that an exponential damping factor applied
to the oscillating component of the power spectrum gives a reasonable description of the
BAO peak in the measured two- and also three-point correlation functions, see e.g. [6]
and references therein. Therefore, the aim of perturbative descriptions is to derive this
behavior from first principles, identify effects that go beyond a simple damping, and give
a definite quantitative prediction as well as an estimate of the theoretical error.

There exist many schemes to derive non-linear corrections to the BAO peak within
cosmological perturbation theory, here we focus on a few of them. In [9], the RPT formalism
[31] was used to obtain a formula of the form.

P(z,k) = G*(2,k) Pn(k) + Puc(z,k) , (7.8)

where G(z,k) is the propagator and Pps¢ is the part due to the mode coupling. The
propagator describes how a perturbation evolves over time and is not a Galilean invariant
quantity. As such, it contains IR enhanced contributions corresponding to the transla-
tion of inhomogeneities by large-scale flows. When resummed at the leading order, these
contributions produce an exponential damping factor at high k,

G?*(2,k) = D(2)? exp[-k*D(2)*c?], (7.9)

with 02 = 47/3 fOA dqPyin(q), and A being a UV cut-off of the theory (k < A). In the
RPT-based approach this form of the propagator is substituted into (7.8). A similar result
is derived in the Lagrangian picture in [20, 22]. Notice that the exponential damping in
this case applies to the whole linear power spectrum, including both wiggly and smooth
parts. Further developments of this idea have been proposed in [34].

While being successful on a phenomenological level, this approach is quite different
from ours. In RPT, there is no clear parametric dependence that would single out the
resummed set of contributions. In particular, for a smooth power spectrum the contri-
butions resummed in (7.9) are of the same order as those comprising Pysc, and actually
cancel with them [12-17] as required by the equivalence principle. On the other hand, our
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approach is based on well-defined power-counting rules formulated directly for the pertur-
bative expansion of equal-time correlation functions. As a result, we obtain a damping
only of the oscillating part of the power spectrum, in line with the expected cancellation
of IR enhancement for the smooth part. Furthermore, the damping factor given by (7.2)
has a different structure from (7.9). Although for the real universe their numerical values
happen to be very close to each other, the situation would be different for a universe with
more power in very soft modes with wavenumbers ¢ < kys.. Finally, when taking NLO cor-
rections into account our result (7.4) cannot be described anymore by a simple exponential
damping of the overall power spectrum or its wiggly part.

Ref. [8] proposed a description of the IR enhanced effects on the BAO peak motivated
by consistency relations between the bispectrum and the power spectrum based on the
equivalence principle. This approach is related to the earlier perturbative framework de-
veloped in [18]. At leading order, our result (7.3) coincides with the results of [8] when
choosing kg = k/2. The agreement essentially extends to the corrections produced by hard
loops (see Sec. 5). Subleading soft corrections were not considered in [8]. TSPT gives a
simple diagrammatic description of IR enhancement and provides a tool to systematically
derive, scrutinize and extend the results found in [8]. In particular, the subleading soft
corrections computed in the present work and entering in (7.4) capture the shift of the
BAO peak, as we will see below, and the power counting allows in principle to go beyond
NLO in a systematic way. Furthermore, the IR resummation in TSPT readily generalizes
beyond the power spectra and applies to any n-point correlation functions.

Finally, it is worth mentioning that we have checked our results by comparing with
known exact expressions in the Zel’dovich approximation, see Appendix G. Additionally, in
Appendix F we rederive the TSPT IR resummed power spectra within the SPT framework.

7.3 Comparison with N-body data

We consider a ACDM model with cosmological parameters matching those of the Horizon
simulation [25]. The linear power spectrum is obtained from the CLASS code [32] and
decomposed into smooth and oscillating components as described in Sec. 2.2.

In the following we show results for the correlation function, because it exhibits a
clear separation between the BAO peak and the small-distance part of the correlations,
and allows to visualize the effects on the BAO feature in a transparent way. The matter
correlation function is related to the power spectrum as

A [ .

&(x,2) = 93/0 dk kP(k,z) sin(kx) . (7.10)
In Fig. 6, we show the leading-order IR resummed result for three different choices of kg
(blue solid lines). The damping of the BAO oscillations described by ¥ corresponds to a
broadening of the BAO peak in real space and gives already a relatively good description of
the N-body result shown by the red dashed line [25], especially when compared to the linear
prediction (thin dashed line). Nevertheless, there are some differences, and the dependence
on kg is not negligible.
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Figure 6. Infra-red resummed matter correlation function at LO obtained in TSPT for three
different values of the IR separation scale kg, and two different redshifts (left: z = 0, right: z =
0.375). Also shown is the linear result (dashed) and the result of the Horizon Run 2 large-scale
N-body simulation [25]. We use 1/k,sc = 110 Mpc/h.

We now turn to the NLO result. The comparison of the matter correlation function
obtained using (7.4) with the N-body data is shown in Fig.7. One observes that the
agreement is considerably improved compared to the LO. Furthermore, the dependence on
the separation scale kg is reduced. This is an important consistency check, because the
dependence on kg vanishes in principle in the exact result. Thus, any residual dependence
on kg can be taken as an estimate of the perturbative uncertainty, and it is reassuring that
this uncertainty is reduced when going from LO to NLO.

We conclude that the systematic IR resummation gives a very accurate description
of the correlation function at BAO scales. The residual discrepancies at shorter distances
visible in Fig. 7 are expected due to several effects. The variance due to the finite boxsize,
and the finite resolution of the N-body data leads to an uncertainty of several percent'C.
In addition, the correlation function is sensitive to the UV physics which has been left
beyond the scope of our present study.

In Fig.8 we show the ratio of the NLO result to the correlation function obtained
in the Zel’dovich approximation''. The differences are around 5% in the BAO range,
and therefore our results are broadly consistent with ZA, as expected. Nevertheless, the
differences are larger than the ultimate precision that is desired to match future surveys.
The ratio between the N-body correlation function and the one obtained in ZA is also shown
on the same plot by the red line. The TSPT result agrees with the N-body data somewhat
better than ZA in the BAO peak region, though the error range of the N-body data does

10Ref. [25] does not give error bars for the simulation data points. An estimate of the statistical variance
using the number of available modes in the simulation as well as the finite resolution suggests that the
uncertainty is at the few percent level in the range of scales relevant for BAQO. This level of accuracy is
also consistent with the difference between the correlation function extracted from Horizon Run 2 (L =
7.2Gpc/h, N = 6000%) versus Horizon Run 3 (L = 10.8Gpc/h, N = 7210%) data presented in [25].

HHere by the Zel'dovich approximation we mean the leading order of Lagrangian perturbation theory.
The 2-point correlation function in ZA was computed with the publicly available code ZelCa [35].
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Figure 7. Same as Fig.6, but showing the infra-red resummed matter correlation function

obtained in TSPT at next-to-leading order (blue lines) compared to the Horizon Run 2 N-body
data (red line). Note that the three lines for the three values of kg are almost indistinguishable.
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Figure 8.  The correlation function computed in TSPT at NLO normalized to the correlation
function in the Zel’dovich approximation (blue curves). We also show the correlation functions of
the Horizon Run 2 and 3 [25] divided by the Zel’dovich approximation (red curves).

not allow at the moment to clearly discriminate between the two. As discussed before, the
TSPT framework can be systematically extended to NNLO, and further corrections from
UV modes can be incorporated, which is left for future work.

Finally, we have compared the results for the correlation function computed using
the full NLO formula (7.4) and its reduced version without the last term containing the
operators S%, SP. The relative difference A¢/¢ at z = 0 does not exceed 0.5%. Given the
strong dependence of the omitted term on the growth factor and hence its quick decrease
with redshift, one concludes that this term is negligible for all practical purposes.
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7.4 Shift of the BAO peak

A valuable piece of information provided by the BAO peak is its position as a function of
redshift that can be used as a standard ruler to infer cosmological parameters and probe
possible alternatives to ACDM (see [36] for a recent discussion in the context of modified
gravity). The upcoming surveys aim at measuring this quantity with sub-percent accuracy
[37]. Therefore, it is important to assess how non-linear dynamics offsets the BAO peak as
compared to the linear prediction.

For concreteness we focus on the position of the maximum of the BAO peak which we
denote by xp40. There are two effects that contribute to its shift with respect to the linear
result x%’}m. First, the damping of the wiggly component in the power spectrum, which
occurs already at leading order of the IR resummation, shifts the maximum because the
correlation function £(x) is not symmetric. Second, at NLO the interactions of the modes
in the BAO region with soft modes shift the phase of the BAO. This, in turn, translates
into an additional shift of the peak in position space. Let us discuss these two contributions
one by one.

It is convenient to decompose the correlation function into a smooth component and
a component that describes the BAO peak,

§(x) = &s(@) + Gu(a), (7.11)

that are inherited from the decomposition of the power spectrum into smooth and wiggly
parts. In the region of the peak these two contributions are of the same order with &,
being a factor of a few larger than &;. At the linear level, the condition for the maximum
of the peak reads,
) 1 ) xlin )
0= / dk k* Py (k) cos (ka'fyo) — ——— / dk kP, (k) sin (kz%0) + ZAogg(x%’;,O) :
TBAO i
(7.12)

To obtain analytic estimates we represent the wiggly power spectrum as a product of the

oscillating part and a smooth envelope (cf. Eq. (2.13)),

Po(k) = fono(k) sin(k /kose) - (7.13)

This implies that the position of the peak is close to x%’zo ~ k;.L. In what follows we seek

the corrections to this relation. Writing

lin _ 1.—1 lin
TBAO = kosc + ox

lin as small we obtain from (7.12)

J dk E fen (k) — (2mk2,.) (ke
f dk k3 fenn (k) ’

where we have neglected the integrals of rapidly oscillating functions. In particular, we

and treating the product kdz

62! = —koge (7.14)

have used the relation

1-— k/kosc 1
[tk tse) = [ g, =) 2 i)
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If instead of the linear power spectrum, we consider the LO expression (7.3) with
damped wiggly component, we obtain the position of the corresponding peak as

LO -1 LO
TpAo = kosc + 0z )

where 027€ is given by the expression (7.14), but with fen, replaced by fem(k:)e_kQD ()22

One concludes that the shift of the LO peak relative to the linear one is

AgtO _ §zl0 — sglin { Jdkkfeno(k) [ dkkfeno(k)e P& ]
TBAO B LTBAO oo fdk k?’fenv(k) fdk k3fenv(k)e_k2D(2)2E2
A 1 1
T on [f dk k3 feny (k) a | dk k3fenv<k)e_k2D(z)222:|
(7.15)

The two contributions in this formula are of the same order (kosc/k)?, where k ~ 0.1h/Mpc
is the characteristic range of wavenumbers corresponding to BAO. At z = 0 we have

AJ,‘LO
TBAO
We see that this LO shift is quite significant. It is worth emphasizing that it is exclusively

due to the damping of BAO by large IR effects. The damping is the same in ED and ZA.
Therefore AzL© is expected to be removed by the BAO reconstruction procedure which

~ —1%. (7.16)

essentially uses the ZA to evolve the density field backward in time. To understand if this

procedure can leave any residual shift we have to go to the next-to-leading order.

Writing the correlation function as & = ¢L0 4 ¢NLO

one easily derives the additional
shift of the peak induced by the second term,

AxNLO . (é*NLO)/
Py 2(ET0Y7 . (7.17)

One can check that the contribution of the smooth correlation function into this expression

T=TBAO

is negligible, so that one can safely replace in it £ — &,,.

We evaluate the LO and NLO contributions into the correlation function numerically
using Eqgs. (7.3), (7.4) for the power spectrum. The shift of the peak is then computed
either directly by comparing the full correlation function to that at LO, or using (7.17). The
results of this evaluation are presented in Table 1 (second and third columns). We consider
three choices of the separation scale kg bounding the IR region. Modulo some scatter
introduced by the kg dependence, our estimate for the NLO shift is around 0.4%. This
lies in the ballpark of the estimates obtained using different approaches [9, 38, 41-43] and
agrees well with the value of the so-called ‘physical’ shift [9, 38] measured in the simulations
[39, 41, 44]. While we expect that the NLO shift considered here agrees essentially with
the ‘physical’ shift, the precise relation is not completely clear to us and we leave the task
of understanding it for future work.

It is instructive to derive an analytic estimate for AzNFO. Tt is shown in Appendix E
that the NLO wiggly power spectrum has the form,

PRTesNLO () — D(z)te KD (H (k) Pu (k) + S(z, k)dpgl”]ik)> : (7.18)
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AxNLO TBAO
ks s h/Mpe I —p 5 (7.{7) Eq. (7.22)
0.05 —0.38%  —0.43% —0.46%
0.1 —041%  —0.45% —0.40%
0.2 ~0.45%  —0.50% —0.32%

Table 1. Shift of the BAO peak at redshift z = 0 for three values of the separation scale kg. First
column: full NLO result. Second column: evaluation using Eq. (7.17). Third column: analytic
estimate Eq. (7.23).

The first term in brackets receives contributions both from hard and soft modes, whereas
the second term is exclusively due to soft modes with wavenumbers ¢ < kosc. It describes
a phase shift of the wiggly component of the power spectrum. The precise form of the
function H (k) is not relevant to us; it is only important that it depends smoothly on its
argument. For S(z, k) we find,

S(z,k) = sk + (S% + »D(2)*S)k° (7.19)

where ¥ is defined in (7.5b). The other two coefficients are related to the density variance
at the scale ks,

kOSC
s~ 02(]{030) = /0 dq q2Ps(Q) ) Z%ilk ~ 02(k086)/k?9ilk ) (7.20)

where in the last formula kg;r ~ 0.2h/Mpc is the Silk damping scale. The detailed
expressions are given in Appendix E. It is worth to point out that the formula for s is
different in ED and ZA, as well as for the density and velocity divergence power spectra.
Notice also the presence of the coefficient s in (7.19) that discriminates between ZA (3c = 0)
and ED (5 =1).
Next, we substitute (7.18) into (7.17) which yields,
AgNLO o J dk k2 cos(k/kose) [H (k) Py (k) + S(z, k) iD=+ D(2)?

= koscD
TBAO =) [ dk k3 sin(k /kose) Py (k) ek D(2)2%2

(7.21)

Recalling the form (7.13) of P,, one observes that the integral involving the first term in the
numerator contains a rapidly oscillating function and thus gives a negligible contribution.
In the second term we integrate by parts. Neglecting again integrals of rapidly oscillating
functions and using (7.19) we arrive at

e k15 PP in (e
= = D(2)*s + D(2)*(Sgu + »#D(2)*%}) / ° sin(k/Kose)

TBAO [ dk k3 P,e=**DP(?2% sin(k [kose )

. (7.22)

For realistic power spectra the ratio of integrals in the second term is of order 0.02 [h/Mpc]?
at z = 0. It is worth noting that numerically the second term gives a subdominant contri-
bution, so approximately one can write,

NLO
AT D(2)%s . (7.23)

TBAO
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Still, we prefer to use the complete expression (7.22). Evaluating various contributions
entering into it using the expressions from Appendix E and Eq. (7.5b) we obtain the
estimates for the shift listed in the fourth column of Table 1. They are in reasonable
agreement with the values obtained by the direct numerical evaluation of the correlation
function.

As already mentioned before, the values of s and s are different in ED and ZA.
Consequently, the BAO shift computed in ZA is somewhat lower than in ED:

(AzNEO Jrpa0)?A ~ —(0.28 +0.22)% |

depending on the choice of kg. Thus, while the ZA gives a rather accurate description
of the BAO broadening, it underestimates the BAO shift. The difference is expected
since the terms responsible for the BAO shift originate from the non-dipole parts of the
interaction vertices, which are different in ZA and in ED. One concludes that, in principle,
the BAO reconstruction based on ZA is expected to leave a small residual shift of order
0.1%. However, this discrepancy is likely to be too small to have any significant effect on
the determination of the BAO peak position.

Let us make a cautious remark. Although the above analysis provides a qualitative
understanding of the origin of the BAO shift, as well as a trustable estimate of its order
of magnitude, the concrete numbers listed in Table 1 should be taken with a grain of salt.
They are smaller than the typical percent accuracy of our calculations, which calls for a re-
assessment of various approximations made in their derivation. Also a realistic calculation
of the BAO shift must include the effect of the bias [42, 43, 45]. We leave the study of
these issues for future work.

Before closing this section, let us mention that the term proportional to k3 in (7.19)
generates also a distortion of the BAO peak that tends to make it more asymmetric.
However, in ACDM this effect is subdominant compared to the initial asymmetry of the
peak present already at the linear level and amplified by various other terms in the NLO
power spectrum. Still, the different contributions are not completely degenerate and it
would be interesting to understand the impact of non-linear distortion on an accurate
description of the BAO data.

8 Conclusions and outlook

In this work we have developed a systematic approach to describe the non-linear evolution
of the feature imprinted in the matter correlation functions by baryon acoustic oscillations.
We have provided a theoretical framework to efficiently resum corrections arising from
non-linear interactions with long-wavelength modes that are particularly enhanced for the
baryon acoustic feature.

Our approach is based on the framework of TSPT, that provides a perturbative de-
scription of structure formation manifestly free from spurious infrared divergences. Besides,
it is based on an Eulerian description and therefore its practical implementation does not
suffer from the complications arising in Lagrangian perturbation theory. These features
make TSPT a convenient framework to discuss the effect of bulk flows on the BAO feature.
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We have first developed a formalism to isolate IR enhanced effects by splitting the TSPT
propagators and vertices into smooth and oscillating (wiggly) contributions. Next, we
identified the IR enhanced loop contributions, taking modes below an (a priori arbitrary)
separation scale kg into account. These have a simple diagrammatic representation, with
the dominant diagrams corresponding to daisy graphs. Finally, we have shown that within
TSPT one can develop a modified perturbative expansion in which the large IR effects are
resummed to all orders, and we computed next-to leading corrections including loops with
hard wavenumbers as well as subleading contributions of the soft loops. Our leading IR
resummed result agrees with that obtained in [8] using the symmetry arguments. TSPT
provides a useful framework to systematically extend this result to higher n-point functions
and compute relevant corrections in a controlled way.

Our analysis provides a simple prescription for practical evaluation of the resummed
correlation functions. At the leading order, it amounts to replacing the linear power spec-
trum in all calculations by the spectrum with damped wiggly component. This essentially
remains true upon inclusion of hard loops, whereas the subleading soft loops introduce
new terms. Our result for the IR resummed power spectrum with inclusion of all next-to-
leading corrections is given in (7.4). It describes the non-linear evolution of the BAO peak
with sub-percent accuracy, when compared to large-scale N-body simulations. Although
we found that the soft NLO corrections are rather small, they are important to capture
the shift in the position of the peak maximum.

The residual dependence of our results on the artificial separation scale kg provides
an estimate of the theoretical error, similar to analogous scale-dependencies in quantum
field theory computations. At LO our result for the two-point correlation function close
to the BAO peak exhibits a dependence on this scale at the level of several percent, when
varying kg in the plausible range (0.05+ 0.2)h/Mpc. As expected, the scale-dependence is
reduced in the NLO result and is well below the percent level close to the BAO peak. The
theoretical error estimated in this way is consistent with the agreement with N-body data,
except for short scales sensitive to the UV effects that were not considered in this paper.

Our results suggest several directions for future research. First, one can use the sys-
tematic TSPT approach to investigate the effects on the BAO peak in cosmological models
beyond ACDM. As examples we mention inclusion of neutrino masses or modifications of
gravity. In particular, the NLO corrections affecting the BAO shift are sensitive to non-
dipole corrections to the non-linear evolution that are not protected by the equivalence
principle, and therefore can be particularly sensitive to modifications of the dynamics.
Second, it will be very interesting to study in detail the BAO feature in the three-point
function, as well as to extend the analysis to biased tracers. Finally, the TSPT frame-
work can also be used to address the contributions of UV modes that influence correlation
functions at shorter distances.
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A Recursion relations for TSPT vertices

To define the building blocks of TSPT one starts with the non-linear SPT kernels,

(k1 +ka) - kg
k? ’

(k1 +ko2)?(k1 - ko) ‘

ki.ko) =
ok, ko) k2K

B(klakQ) = (Al)
These are used to write down the recursion relations for the vertices K,, and T, [24]. The
seeds for these relation are K; = 1 and I's given by Eq. (2.10). Higher vertices are different
for ZA and ED. We have

. w2 _ (k1 - ko)?
ZA: KQ(k]_,kQ) = Sin (k]_,kz) =1- ——7959 (A2)
kiks
4
ED: Ks(ky, ko) = ?sinz(kl,kg) : (A.3)
For n > 3 the recursion relations read,
ZA:
1 [ §
K =— ; ; _ Ky
n(k17 7kn) n |:Za<kz’ Z Ak]>Kn 1(k17 7k’La akn)
i=1 1<j<n,j£i
— Z IQ(ki,kj)anl(kiJrkj,kl,...,Ri,...,lv{j,...,kn) R (A4a)
1<i<j<n
_ 1 _ . .
Ik, ... ky) = - Z Ik, kj) Troa(ks + kj, ki, 0 ki, 0 kg, 0 kg, (Addb)
1<i<j<n
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and

ED:
2 - §
KoKty o kn) = [Za(k 3 kj>Kn,l(kl,...,ki,...,kn)
n+3 — Leis
<y<n,jF#i
_ Z (ki k) Kno1 (ki + ki, ka, oo K, o, Ky o k)
1<i<j<n
3¢~ 1
_Q;M;Kp(ko(l)w“v o(p K- p+1(zka(l p—i—l)a"'ako‘(n)> > (A5a)
_ 1 _ . .
Fn(kl, ,kn) = — Z Ig(ki,kj)l“n,l(khtkj,kl, Lk, ...,kj, ,kn)
n—2
1<i<j<n
3 n—1 p
(A.5b)
where
28(ky, k for ZA
I(ky, ko) = 4 2Pkke) \ (A.6)
Qﬂ(kl,kg) + QKQ(kl, kg) for ED

The notation k; above means that the momentum k; is absent from the arguments of the
corresponding function, and in the last lines of (A.5a), (A.5b) the summation is performed
over all permutations ¢ of n indices.

B Decomposition of smooth and wiggly components

In this appendix we describe our algorithms to separate the smooth and oscillating con-
tributions to the matter power spectrum. In the first case, in order to obtain a smooth
power spectrum we perform a fit to the linear power spectrum obtained with the CLASS
code [32] that is inspired by the Eisenstein-Hu formula [33]. Specifically, we find that the
smooth part can be well described by the parametric form

Py(k) = AK™T(k)* x (1 + A(k)), (B.1)
where the transfer function is parameterized as in [33],

L(k)
L(k) + C(k)kZ;
L(k) = In(e + c1keyr)

325
C(k) =144+ — =
(B) = 144+ 1760 hios
—1
C3
kerr = cok |1+ ——— . B.2
ff=c¢2 [ + 1—1—(0414:)4] (B.2)
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A c1 Co c3 c4 Cs C6 cr
1.496-10* 1.967 6.831 0.4043 55.53 0.00425 2.5 0.35

Table 2. The values of the coeflicients ¢; used to describe the smooth part of the power spectrum
for a ACDM model with parameters given as in [25], in particular ny; = 0.96. The dimensionful
coefficients ca, 4, cg are given in units of Mpc/h, and A in units (Mpc/h)3.

Here we treat the coefficients A and ¢; as free parameters that are determined by fitting
to the linear power spectrum, see Tab.2. In addition, we introduce a correction of the
Eisenstein-Hu fitting formula to account for a slight residual offset at large k given by

A(k) = ¢5 [th (In(cek) /er) + 1] - (B.3)

The values of ¢5 — ¢7 we used are also given in Tab. 2. The oscillating component is then
given by Py (k) = Pn(k) — Ps(k). It is plotted in Fig. 3 by the solid line.

The second algorithm is different in that the smooth part is determined by a spline
approximation using several (~ 20) points to the right and left of the scales of BAO and
a pivot point at k = 0.03 h/Mpc [46]. This leads to the wiggly power spectrum shown by
the dashed curve in Fig. 3.

C Asymptotic behavior of the I', vertices in the soft limit

In this Appendix we study in detail the form of the TSPT vertices with soft legs. First,
we derive the leading order expression (3.11). Next, we extend the analysis to include the
subleading corrections and obtain Eq. (6.6), as well as the expression for the four-point
vertex evaluated on the modified linear power spectrum used in the derivation of Eq. (6.11).

C.1 T, vertices in the soft limit: leading order

We split the arguments of the vertices into ‘hard’ momenta k;, 1 < ¢ < m, k,, =
— Z:’;l k;, that are are fixed and ‘soft’ momenta q;, which are sent uniformly to zero,

q; =¢q;, €—0. (C.1)

To prove (3.11) we proceed by induction. Let us fix m > 2 and assume that Eq. (3.11)
has been already proved for all m’ < m. Equation (3.11) holds trivially for n = m. Now,
suppose that it is valid for all n’ such that m < n’ < n. Our task is to show that it also
holds for n.

We focus on ED; the derivation for ZA can be recovered by simply ignoring all contri-
butions due to the K, kernels. We will use the shorthand q = Z;:lm q; - It is convenient
to decompose the I''" into two pieces,

Y ="Tv, + f;;’,B ) (C.2)

n,
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which correspond respectively to the first and second lines in the recursion relation (A.5b).
Consider first fg} 4- We have,

_ -1 _ y y
;;gA(khm’km_q,qh,.,,qn_m):n_Q[ > Lk k)T (ki + X, Kiy o Ky )
1<i<j<m
+ > Lkikm — T (i +Kn = ooy Ky oo K — 6,0
1<i<m

m—1n—m

+ Z Z ]z(ki,qj)_gﬂl(...,ki +q;,...,4;, )

i=1 j=1

n—m
+ Z IZ(km —q, qj)i'/rzu—l("wkm —q+ qj, - (1]7 )
j=1

+ Z IZ(q’Laqj)f‘/rq;U—l(an"i_q]?76117761]7)
1<i<j<n—m

(C.3)

Let us analyze the soft enhancement of various terms in this expression. The vertex func-
tions in the first two lines have n —m soft arguments, and hence, by the induction assump-
tion, are of order O(¢~""™). On the other hand, the vertices [ ; in the last three lines
have one soft argument less and thus are only O(s~""™*1). In the third and fourth lines
this is compensated by the enhancement of the kernels I5. Indeed,

ki) ~ =Y~ 0(1/e). (C.4)

9
Finally, the kernel I in the last line of (C.3) is of order O(¢”) and thus this term can be
neglected in the leading approximation.
Keeping only contributions of order O(s~"*t™) we obtain,

ro_ —1 ) k :
Mg n— [ Y bk k)T (ki +kj, ki, kg, )
1<i<j<m
n—-m ,m—1 k q)
N Z (Z AT (K 4 s e @)
i=1 q]
ki - qy) o :
+(WQJ)r;;U1(...,km—Zqz,---,qg‘,w)ﬂ (C.5)
q; I1#]
-1 = ¥ k
= n—Q[ Z I(ki, kT2 (ki + koK Ky )
1<i<j<m
+ Z Dg, T = Dl G ] ’
I#j
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where in passing to the second equality we substituted k,, = — Z?;l k; and used
m—1
K- q;) = §
Z (1(12]) [F;;{l (kl, Lk + q;, vk —q, ..., q;, )
J

i=1
. (kl,._., iy qu,.,q],...)} (C.6)

I#3
= Dq, I} (kl, qu,. L j - ) .
I#j
Finally, inserting the expansion (3.11) for the vertices in (C.5) and using that the operators
Dy, commute with each other, we arrive at
yr—m

=w,LO =Iw g -
ot = n_2 H Dql[ > Lk k)T (ki + Ky, Ky Ky Kin)
1si<jsm (C.7)

We now turn to the second piece in (C.2). By inspection of the second line of (A.5b) one
concludes that the terms of order O(e~"*™) can arise only if all (n —m) soft wavenumbers
q; appear as the arguments of the vertex function I‘}‘l’ 1 (recall that the kernels K, do
not depend on the wiggly power spectrum and hence are not enhanced). The vertex must
also depend on at least two hard momenta, which implies that p cannot exceed m — 1. This
yields for the LO contributions,

m—1
Iw LO - 3 1 | m—m
F (kla"'akm_q7q17"'7qn—m) __2(TL—2) ;p'(n—p)' X (n_m)‘cn*p

(C.8)

XZKp(kJ(1)7“'7 n p+1 (Zka(l p—i—l)a"-a o(m) — D q17'-'7qn—m> )

where, in contrast to (A.5b), we have replaced the summation over all permutations of the
arguments by the sum only over permutations of the hard wavenumbers and accounted
for the multiplicity of the retained terms with the appropriate symmetry factor. Using
Eq. (3.11) we obtain,

cwpo _ 3(=1)"" r =

o HD‘H[ Zp|m pIZK ko (p))

=3 (C.9)

Lo p+1 <Zk (1) Ko(pt1), ka(m)>:| :

One notices that this expression, when combined with the first line of (C.7), gives precisely
the recursive formula for
()

Th_2 [T Do [(m = 2)T70 (ki )] - (C.10)
=1

Adding to this the second line of (C.7) yields (3.11). This is our final result. It has the
same form in ED and ZA.
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C.2 T, vertices in the soft limit: NLO

—7+3) to the expression

In this section we study the subleading corrections of order O(e
(3.12). We carry out the derivation for ZA and ED in parallel. Whenever there are
differences between these two cases we will use indices (ZA) or (ED).

Let us start with T'%. Expanding Eq. (3.2) in the soft wavenumber q and keeping term

up to O((g/k)°) we obtain,

-  (k
Fé 7LO+NLO(k7 -k — q, q) = [Dq + gq] _QEk; ’ (Cll)

where we introduced the new operator £q defined as,

&SZA)Pw = (2 cos2(Q, k)—1+2 COSZ((L k) (1 - ns(k))eqv)Pw ’
_ ] _ (C.12)
PP p, — (&SZA) + gSinQ(q, k) (e9V +1) )P w s s = (“crlllislim '

As in the case of Dg, the operator £ acts only on the wiggly power spectrum, leaving all
smoothly varying functions intact. Its action is of order O(1),

EqPy ~ O(1)P, . (C.13)

A new structure appears when we consider the subleading expansion of T'. After a
somewhat lengthy, but straightforward calculation using the recursion relations (A.4b),
(A.5Db) one obtains,

=, LO+NLO w (k)
Lo 0k, —k — a1 — a2, a1, 42) = — [P, P, + Dq, Eqs + Palay + Faras) )
(C.14)
where
PP =1 e qet VeV 1)+ (e V(Y - 1)),
142 5 (C.15)
ED) 5 ZA . =
fé1Q2)Pw :[ <g11Q2) + 7 SmQ(‘ha a2)Dq,+q, | P -

This operator is of order O(¢~!). The expressions (C.11), (C.14) are special cases of
Eq. (6.6) from the main text for n = 3 and 4. We now prove Eq. (6.6) for general n by
induction.

Suppose that (6.6) holds for T ;f,”NLO for any n’ < n. Assuming that all q; go uniformly

to zero as in (C.1), we will expand the vertex ['% (k, -k — Z?:_f i, Q1 - qn_Q) in powers

—n+2 ( —n+3 (

of soft momenta and focus on the terms scaling like ¢ leading order) and ¢ next-

to-leading order). The terms of the form I',,_, 1K), in the recursion relation (A.5b) scale

—n—+4

at most as ¢ because the K, kernels are infrared safe and cannot produce new poles.
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Hence, we concentrate on the part of the recursion relation (A.5b) with the T',,_; vertex,

N 1 n—2 )
Fgu(kv _k_CI;QIa~-7Cln—2) ZIQ k q])Fn 1(k+q],—k—q,,qj,)
J=1
n—2 -
+ZIQ(_k_q7qj)F;}aﬂ—l<k7 _k_q+Qj,---,flj,---)
j=1
n—2
+ > D, )T (K, —kK = @, G + Gy o @iy oo, @, 0) | + O,
1
i<

(C.16)

where we used the shorthand notation q = Z?:_f q;- The hard argument of the vertex
in the first term in (C.16) is shifted by q; with respect to k. Thus, we have to shift the
argument in the expansion (6.6) for I/ | and keep the subleading terms in q;. Multiplying
by I2(k,q;) Taylor-expanded up to zeroth order in ¢; we obtain,

n—2

_ 3 k-q;)
Aj = I, ) Ty (k4 g~k — @y @) & (1) 2[( =1 Pa
qJ l#]
(ea) N~ (e () (any ) T D
+ > Ean + 5 e H A dma H B
q] - dm £jm mi1<msa I#5,m1,ma
m1,ma#j

+ (2(1 —ng) cos?(k, q;) + §sm (k, q; >

)]
i

(C.17)

In the second term in (C.16) we can directly substitute Eq. (6.6) for T/% ; which yields,

/w ~ n— k (1
Bj =l(~k —q,q;) T2 (k, —k — q + qj, .-, G5, ) = (=1)"? [ — H Dy

J I#j
) n—2 n—2
m H Dql Z ‘qulq'mg H Dql
m#j  IEjm i i, I#,m1,ma
m17m275j
) 6 (Qm - qg Pu(k)
+ ( 2cos*(k, q;) — 1—|—fsm (k,q;) Hqu Z HD 52k
I#j m#£j J I#] s

(C.18)
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Together the above contributions sum up to
n—2

n—_12Z(Aj+Bj) _ (—1) [ HDql+ Zg . HDql

j=1 m=1 l#m

Z fCI'rquImQ H qu + Z ( (qm —+ q]))(e(QM+QJ)V - 1)
m1<m2 I#£m1,ma m<j qmqj
P, (k)
= 2(k - qm)ed — 2(k - q;)eV” ) H Dq ] P2 (k)
l#m,j s

(C.19)

It remains to include the third term in (C.16). It is sufficient to consider only the leading
behaviour of the vertex, as I>(q;,q;) is an order-one function. We obtain,

n—2
n—2 ZIZ quj) n— l(k -k — q7q1+qja' aq’u' aqja"')
1<j
n—2 n—2 —
G K- (a4 +9)), (qian. 6 P, (k)
R Z ( .l j )(e(qﬂrq]) V_1)+ ?bln (qZ,qj)DqlJrq] H Dy, P2k
i<j 4 95 14,5
(C.20)

Combining this with (C.19) we obtain the representation (6.6) for T'/%. QED.

In Sec. 6 we used the NLO expression for the four-point vertex I'"V(k, —k, q, —q)
evaluated using the modified power spectrum e=9°S P,. Let us derive this expression. As
emphasized in the main text, it would be incorrect to just substitute P, — e=9°S P, in the
formula (C.14) because the combination D,qu[e_f‘SPw] involves terms containing the
operator § with shifted argument. This shift generates additional NLO contributions that
must be properly taken into account. Indeed, we have,

Dq[e_g2spw](k) = L '2(l) <6_92S‘k+qu(|k +dq|) - e_gzs‘kpw(k))

q
(C.21)
— Dye Sl (k) — g (kq VAs| b eaV P, (k) +0(e) |
where
asl =2 [ ) E AL 1 ol 9) (c.22)

Acting on (C.21) with D_q and again taking into account the shift in the argument of S
in the first term we obtain the desired expression,

- Ty 6_92‘513w k
Fﬁl (k, -k, q, _Q) [6 gQSPw] = - [DCID*CI + 5quq + Dqgfq + F :*Q] Pz(k)()
(qu/* o k-d)a-d) N )
+4 dg'1P,(¢ ) —3 2L A (g - V) (1 = cosh(q - V)) e 0/
o /<ks[ q¢'1Ps(q") A (a-V)( (d'-V)) 210
(C.23)

This formula was used in the derivation of Eq. (6.11).
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D NLO polynomials

The functions appearing Eq. (7.6) are given by

1 dQ,d2, quck’q’(qckq + qlckq’)52 /qq, .
hi(x,y) = /qq " sin ((qcrg + ¢’ crg) /K _
1( y) Kose (47T)2 (q2 + 2qq'cqq/ + q/2) ((q kq T 4 Ckq )/ osc) g/;g;]z(;s:c
= 60722 (720 + at —12y% + ot — 222 (6 + y2)) cos[z] cos[y]
1 4 .
- W (332 - 92) (Ci[|z — y[] — Cilx +y])

1
24023 (22 — y2)3

{ — 2 (938 — 225 (3 + 2y%) + 22" (—300 + 5y° + 3y*)
+ 3/ (—1440 + 2492 — 2 + y6) — 222 (—720 — 240° + ot + 2y6) ) cos[y| sin|x]

+2 (az <x8 —22° (14 2¢°) + 2" (24 — 2y* + 6y") + 227 (—720 + 240y° + 5y* — 2y°)

+ 32 (1440 — 600y* — 6y* + °) ) cos[z] + (2 — %) (1440 + 25 — 6002 — 6y*

+y5 —2* (6 + %) — 2% (600 — 204y* + y*) ) Sin[x]> sin[y]} , (D.1)
and
1 [ dQ0dQy ChgChy (Ckq + Q' crg)s2ad
ho(x,y) = — / i 9 sin (qegq /K
2( y) kOSC (47[')2 (q2 —+ QQQICQQ’ + q,2) (q kq/ OSC) q=zkosc,q' =ykosc
1
= —W{x cos|[z] <4xy (3$8 +27y5 — 322yt (21 + y2) + zty? (—3 + 5y2)

T — 2
o 45) a2 o 52

+ <4my (929 — 62® + 2" (3 + 42?) y® + 2® (63 — 262%) y* + 3 (=9 + 42°) y°)

2
3z —-y)3x+y)? (2x4 —9y? + 22 (—3 + 4y2)) log {(lﬂ y)Q} sinfz] ¢, (D.2)

(z+y)
Where qu — kq/(qu)’ Ck‘q’ = kq//(kq/)’ qu/ = qq,/(qq,)’ S?Iq/ = 1—ng/. NOte that inStead
of averaging over the directions of q and ' one can equivalently average over the direction
of the external wavenumber k and either q or . In particular, ho can be evaluated setting
q =¢(0,0,1), k = k(0, s, cx), 4 = q(S¢54, 5¢4Co,Cq) and integrating first over ¢, then ¢y
and then c¢,. The integral h; can be evaluated by first averaging over the direction of k in

a frame where the z-axis is chosen along q + q', and q = ¢(0, s4, ¢). Then one uses that
(@+d)+¢*—¢* (a+d) - —¢*

Cqg = ,  Cqq = D.3
! 2qlq + o| qq 2qq’ (B3)
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and performs the average over ¢,y . For the last integral it is helpful to do the substitution
dege = la+d'|/(qq") dlq + d'|, with integration boundaries from |¢ — ¢'| to ¢ + ¢’

E Shift of the BAO in momentum space

As discussed in the main text, at LO the IR resummation leads to a simple damping of
the wiggly component in the power spectrum. In this appendix we evaluate the NLO
contribution and show that it contains a term describing the shift of the phase of BAO.
Namely, we derive Eq. (7.18). Our calculation is similar to the one performed in [42] with
the main difference that the IR resummation procedure allows us to consistently take into
account the BAO damping. Besides, we retain certain NLO terms that were omitted in [42].

According to Eq. (7.4) we need to compute the 1-loop correction to the power spectrum
using the damped wiggly spectrum as an input. It is convenient to use the standard SPT
expression (see [24] for the derivation using TSPT),

P (2, k) = D(2)* [GP(k)/[dCJ]Eg(k, q —q)P(q)+2/[dq] (Ez(k—q,)"P(9)P(lk—d])],

(E.1)
where E,, are the SPT kernels F,, (G,,) for the density (velocity divergence) power spectrum.
The first and second terms in brackets are identified as P13 and Pss respectively. Performing
the smooth + wiggly decomposition we see that the term P;3 contributes only to the part
proportional to P, (k) and thus does not affect the BAO phase. In the Py term we split
the integration into soft and hard parts,

Pos[eF P& B ] — 4p(2) [ /q ldg] + /q . [dq]] (Bak — q.q))’

X Py(q) Py (|k — qf)e~ (D)
(E.2)

<ks

The integral over the hard modes vanishes as it involves a rapidly oscillating function. In
the soft part we use the expression (cf. Egs. (F.9), (F.10)),

(k-q) k-q ¢ 2 2 /1.2
FEy(k — = 1 T k 0] k E.3
2k —q,q) 0 Tzt (k.q)sm( ,q) +O0(¢°/k) | (E.3)
where the coefficient Y is different in ED and ZA and depends on the type of the power
spectrum under consideration; its values are given in Table 3 (Sec. F). Next, using the
representation (7.13) we write,

(f{q) dlogfenv (kosc . (l;q) (IEOI) (Rq))

P,(lk — = P,(k —
(I - al) ”[“’S Fose | dloghk \ & 0" s K% o

; ) .
¢ .9 . (k-q) dPy (k) . (k-q)
k osc -
+ STE sin“(k, q) sin o ] +k Ik sin o
dlog feny (k-q) . (k-a) ¢ (k-a)
k .
dogk kST T gy, (ke a) cos =

(E.4)
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Expanding also the exponent in (E.2) and integrating over angles one obtains,

Pumle P P, = D) PP (b)) + 5(e. ) T

(E.5)

where the form of H (2, k) is unimportant for our purposes. For the second term we have

& _ 1 leg fem) 3 22
S(z, k) = k<1 5 dlogk )31 + k(sg + s3) — k°D(2)°%; (E.6)
where
ks 1
51 =— 87rkosc/ dqqPs(q) / dp p® sin(qp/kose) (E.7a)
0 0
ks 1
S9 = — 8 Tk:osc/ dqqPs(q) / dp (1 — %) sin(pq/kose) (E.7b)
0 0
ks 1
S3 :27r/ dq qZPS(q)/ dp p®(1 — %) cos(quikose) (E.7c)
0 0

and Y2 has been defined in (7.5a). In the region of BAO oscillations the enveloping function
is well approximated by the form (cf. Eq. (2.13))

Fono (k) o ke~ (k/ksik)? (E.8)

with m ~ 3/2. Finally, combining (E.5) with the contribution of P, 13 and the last term
in (7.4) we obtain Egs. (7.18), (7.19) with

S = (1 + m/2)81 + S92 + 83, E%’le = Sl/k?silk‘ . (Eg)

F IR resummation of power spectra in SPT

In this appendix we derive the IR resummed result for the power spectrum within SPT for
an EdS background cosmology. The derivation is less intuitive than in TSPT, for example
there is no simple diagrammatic interpretation of the terms that need to be resummed,
but it serves as a cross check. We follow the same strategy as in TSPT, i.e. introduce a
separation scale kg in order to treat IR and UV contributions to loop integrals separately.
We derive first the leading IR resummed result, as well as the subleading (NLO) terms in
the expansion in € ~ (¢)/k < ks/k. Then we discuss subleading terms in o7, i.e. taking
hard loop corrections into account.

F.1 Power spectrum in SPT

The matter density power spectrum in SPT, for an EdS background, is given by [47]

P;k) =) Puymy(n; k) (F.1)

l,r>0m>1
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where

<2l + m)'(2r + m)!gZ(l+r+m)

Pl ) = EERECE ) [ 4@
FQH—’m(kla e )kqula —q1,.-..,9, _ql)
F2T+m(k17"‘7km7p17_p17"’7p7’7_p7‘)7 (F2)

where F,, are the standard symmetrized SPT kernels [7]. The velocity divergence power
spectrum can be obtained from the same expression by replacing F,, — G, the velocity
kernels, and the cross spectrum by doing this replacement only in one of the two factors.
The integration measure is given by

l+r+m ~ m
/[dQ] = ( 11 /[sz’] P(Qi)) 6% (k— Z&) : (F.3)

i=1

Here @; run over ki ...kpm, q1...q and pg ...p,. The summation over [,r, m corresponds
to the sum over all perturbative contributions. The ‘loop’ order of each term is given by
L =14 r+m— 1. Within the conventional notation, P, ,, denotes the sum over all
Py my with ny = 20 +m and ng = 2r + m. For example, Pi_jo0p = P22 + 2P13 with
Pay = P,2), P13 = Po,1,1) and Pa_jo0p = P33 + 2Py + 2P15 with P33 = P g3) + P1,1,1)
Py = Pgo2), P15 = Pog1)- The advantage of the three-index notation is that each
summand corresponds to a single ‘diagram’ with two vertices, m lines connecting them,
[ lines starting and ending at the left vertex, and r at the right one. Note that this
diagrammatic representation is very different from the one arising in TSPT, although the
full result summed over all diagrams must agree at a given loop order [24]. Therefore, we
also expect the IR resummed expressions to agree, when applying the same power counting
rules. This will be checked in what follows.

F.2 Contribution from long scales

We are interested in obtaining an approximate result for the contribution from long wave-
length modes ¢ < kg to the matter power spectrum at scale k > kg (for some IR scale
ks, e.g. slightly below the BAO scale). To extract this contribution, we first rewrite the
integrand of P .,y in (F.2) in the IR-safe form described in [47]: Due to the symmetry of
the integrand w.r.t. permutations of k;, we can restrict the integration to the region where
k| < |kp| (for i =1,...,m—1), and compensate by multiplying by a factor m. Then we

use the delta function to integrate over k,,. This gives the equivalent expression'?
(21 + m)'(27“ + m)‘ 2(l4+r+m)

Pligmy () = m 2L T o [ 12Q
Pk —ki — - = kn-1])0(km| — [ka]) -+ O(| k| — [kin—1])
FQH—m(kla"-7km7ql)_ql7°"aqlv_ql)

F2'r+m(k17 cee 7km7p17 —P1,---,Pr, _pT)

kpm=k-kij—~km_1

12We use the notation 0(x) for the Heaviside theta-function.
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where

l+r+m—1 B
/ [d'@]:( I/ [in]P(Q@-)>, (¥.5)

and the ; now denote the momenta k1,...,kn_1,P1,.--,Pr,q1,--.,q;. Since we are inter-
ested in the contribution from long modes we split the integration,

Py (kyn) = PO o (3 K, ks) + PR (3 b, ks) (F.6)

(L,r,m (L,r,m

where in the first term the loop momenta satisfy |Q;| < kg, and the second one contains
the integration over the remaining parts (i.e. at least of order 0,21 or higher in our power
counting). For P'% in the limit k > kg, we can drop the 6 functions in (F.4), and write
the power-spectrum as

Pk -k — —kp_1|) = e~ Zim1 ki Vi pg) (F.7)
This gives

(2L +m)! 2L +m)! 54r4m) / !
r+m d
2l Y ) \Qi|<ks[ ?

|:F2l+m(k17 e 7km7q17 —q1,---,491, _QI)

P(Il,]?»,m)(ﬁ% k,ks) =m

F2T+m(k17 sy kma P1, —P1y,---,Pr, _pT‘>i| K —k—ky ko1

e X ki Vi Pk) | (F.8)

The expression (F.8) still contains all orders in an expansion in the scale of the loop
wavenumbers @); (bounded by kg by our definition) and the external wavenmuber k. To
obtain IR resummed expressions as an expansion in € we need to expand the SPT kernels
in this parameter. Using the recursion relations for the SPT kernels (see e.g. [7]) one
obtains the following results:

n—1
1(k-q k-q,- a
En(k_§ qzaqhaqn—l):m( q21)( q2 1) <1+IC +Kb+Kd+O(Qz2/k2)>a
i=1 . 1 n—1

(F.9)
where E = (F,G) can stand either for density or velocity divergence kernels. The leading
term is given by the prefactor, and it is identical for density and velocity divergence kernels.
Furthermore it is also identical for ED and ZA.

The terms in the bracket denote subleading terms at O(g;/k),

n—1 (kq) , n—1 q2 )
IC(I — T ,C — T ) . k ;
2w 2 gy ),
n—1 )
3 ¢ ¢ (k- (aitq) .
Ké=»3 ’ : 2>~ sin®(q;, qy) - F.10
14 z']zzl (k-qi) (k-q;) (ai+q;)? (@ qj) ( )

The values of T and s for the density/velocity PS in ED/ZA are given in Table 3. Note
that, together with the prefactor, E, is regular for (k- q;) — 0 and also for |q; + q;| — 0.
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ED P;; ED Poo ZA Pss ZA Peo
1

1 0 —1
1 0 0

T

Vi

— [~

Table 3. The values of T, s for different power spectra in ED and ZA.

F.3 Cancellation of IR divergences for a smooth power spectrum

Before discussing IR resummation for a wiggly power spectrum, we briefly review the case
of a smooth spectrum (cf. e.g. [12-17]). Operationally, this means we count derivatives
acting on the power spectrum as V = O(1/k), or more precisely

qi - VPs(k) = O(q;/k)Ps(k) (smooth spectrum) . (F.11)

In this case we expect that all IR-enhanced contributions (IR ‘divergences’) cancel. Note
that in SPT the cancellation of IR ‘divergences’ only takes place when summing over all
contributions at a fixed loop order L = [+ r + m — 1. This can be checked explicitly by
inserting the expansion of the kernels Eq. (F.9) into Eq. (F.8).

Let us first discuss the leading-order case, in which the computation is equivalent
to [14], and can also be considered as a special case of the general result discussed in
[12]. At this order we may replace the kernels in Eq. (F.8) by the leading-order limit, i.e.
keeping only the prefactor in Eq. (F.9), and, according to the power counting for a smooth
spectrum, omit the derivative operators acting on P(k). Then, summing over all terms
that contribute at L-loop order, one obtains (d7, is the Kronecker delta)

PL—lOop = Z Z 5l+r+m,L+1P(l,7‘,m) (77; k)

l,r>0m>1

2 _2vm—1 2 _2\1 2 _2yr
2(L+1 5 (k“o3) (—k“03)" (—k“03)
— g ( )(U)Puf)ZE §>1 Oltr+m,L+1 (m —1)! 1]l ol
r>0m>

_ K202 Ko\t
= PP (1od - S BT o, (F.12)
i.e. the leading IR ‘divergences’ cancel at each loop order, as expected'3. Note that here

we defined . )
-q _
Ko = / dg) &Y p(g) (F.13)
lal<ks q

Let us now look at the first sub-leading terms. For the power counting rule for a smooth
spectrum, there are two sources for subleading terms in Eq. (F.8): (i) contributions where
one derivative acts on the power spectrum, and (ii) the contribution from the subleading
terms in the expansion of the SPT kernels in Eq. (F.10). Both vanish identically because
the integrand is odd under Q; — —Q;. Non-trivial contributions arise for the first time at
NNLO in &, which is beyond the order we are interested in here (this conclusion will change

BFormally, the result (F.12) is valid for L > 1. In the degenerate case L = 0, i.e. at the linear order,
one gets Po_ioop = g°(n)P.
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when looking at the wiggly part of the spectrum). Nevertheless, note that the cancellation
of all sub-leading IR ‘divergences’ has been demonstrated analytically up to 2-loop (and
numerically up to 4-loop) in [12], along with arguments that support a cancellation of
all sub-leading IR-enhanced terms at any loop order. Similar conclusions have also been
reached in [13, 15, 16] based on symmetry arguments.

F.4 Leading IR resummed result for the wiggly spectrum

We now consider the case where the power spectrum can be decomposed in a smooth and
a wiggly contribution, P = Ps+ P, (cf. (2.11)). For the purpose of the discussion here the
essential property of the wiggly part is that the power counting of derivatives is different,

qi - VPu (k) = O(qi /kosc) Pu (k) (wiggly spectrum) , (F.14)

where k,s. denotes the typical wavenumber of the oscillations imprinted in the wiggly
component. We directly consider the general case where we assume no hierarchy between
ks and kose, i.e. ks/k 2 kosc/k ~ €.

The wiggly power spectrum at leading order in o7 (recall (3.14)) is obtained by replac-
ing P(k) — P,(k) in the last line of Eq. (F.8), i.e. keeping only terms where the derivative
operators act on the wiggly part,

PIR 777 Z Z (l?"m n;k)}p(k)ﬁpw(k)- (F15)

Lr>0m>1

The leading order in ¢ is obtained by inserting the prefactor in Eq. (F.9), into Eq. (F.15)
and using Eq. (F.8) we get,

2(l4+r+m) (

plRTesLO Z Z n)
l+r )i

l,r>0 m>1

= exp { /q|<ks [dq] <1{(];1)292Ps(q) 6‘”’“’}
X exp {_ /|q |l <kq'2q>292ps(q)}92pw(k’>

= exp(—g°S) Pu(n; k) [w=x , (F.16)

/ [dk‘l] (k . k%)2 ’s(ki)e—ki'vk/
ki ]

which coincides with the result (4.3). As discussed before, this also coincides with the
result of [8] when assuming that the derivative operators can be evaluated using e~4V# —
e~Uk/kose where i = k/|k|. On the other hand, one can formally also recover the result for
the smooth spectrum, by replacing e ®V# — 1, which confirms that all the IR-enhanced
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terms cancel in this case. Finally, we stress again that the leading IR-resummed power
spectrum is identical for the density and velocity fields both in ZA and ED. This follows
from the fact that the leading term in the expansion Eq. (F.9) of the kernels is identical
for ZA and ED, as well as for density and velocity components.

F.5 NLO IR resummed results for the wiggly spectrum

The first sub-leading correction to Eq. (F.16) with respect to the expansion in powers of €
can be obtained by inserting the first sub-leading corrections in Eq. (F.9) into Eq. (F.15),
using Eq. (F.8) and Eq. (F.10). After somewhat lengthy but straightforward calculation
one finds

pLiresLOTNLOs (1) k) = exp(—g®S){1 + 6a + 8 + 64} Pu(m; k') =k , (F.17)

where the contributions that arise from the sub-leading terms are given by
k-q 2 .
0y = —2 [dq] Ps(n; ) —5— cos”(k, q) sinh(q - Vi),
lal<ks q

k- . .
5 = —21 / (dq)Py(; 0) "3 sin?(k, q) sinh(q - Vi)
lal<ks q

6 k-qk-p

6g = — X / [dq]Ps(n;Q)/ [dp] Ps(m;p)—5—=
7 lal<ks Ip|<ks q2 p2

Je(pta)

P +q)? sin®(p, q) sinh(q - V) (cosh(p - Vi) — 1) . (F.18)

This result matches precisely the soft NLO terms'* in (7.4).

Let us now discuss the corrections in the hard expansion parameter o5, . We separate
the integration over wavenumbers in (F.2) into a hard domain @; > kg and a soft domain
Q; < kg. For the sets of wavenumbers labeled by [, we split [ = I; + l;, where [, labels
the number of hard momenta, and [5 labels the number of soft ones. Similarly, we split
r =15+ 71, and m = mg + my. The case in which all loop momenta are soft, that has
been discussed before, corresponds to the case I, = r, = 0 and my = 1. Note that mj, =1
because the external wavenumber k is also considered as hard, such that at least one of
the wavenumbers k1, ...,k has to be hard. Next, there are three possibilities that lead
to a contribution with one hard loop, given by (I, r,, mp) = (1,0,1),(0,1,1),(0,0,2), and
ls>0,7rs >0, mg > 0.

Since the integrand is symmetric in permutations among the momenta ¢;, we can
select that the hard momenta have indices q1, ..., g, , and the soft ones q;, +1,...,q. The
number of possibilities to select the hard momenta is I!/l;,!/ls!, and we have to multiply
the integrand by this factor to account for the fact that we have chosen one particular
possibility to select the hard momenta. A similar rearrangement can be done for the
momenta p; and k;, respectively. The corresponding contribution to the power spectrum

1To evaluate the soft part of the loop entering in (7.4), one can use the standard SPT expression and
expand the corresponding kernels using once more Eq. (F.9).
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with (I, rn, mp) hard wavenumbers is given by

l
P(l,r,m) (kan)‘lh,rh,mh hard = (2 + m) (27" + m) g 2(l4+r+m) (n) / [d/Qh] / [d/Qs}

20+r)m ]y

! 7! m!

lh!lsl T‘h!rs! mh!m,g! F2l+m(kla s 7km7 a1, —q1,---, 91, _QZ) (F19)

F2T+m(k1’ cee 7km7p17*p17 <« Pr, 7p7”) p(kmh)

)

m
km,=k— > ki
i#Fmy,

where we defined

ln +Th +mp—1

/ [d’Qh]z( [1 L, 40 P@ >>,

ls+rs+ms .
[l - ( 11 /| o faP@ )) (F.20)

Here Q? labels the hard momenta ki,...,km,-1,q1,---,q,,P1,---,Pr, and @Q; the soft
momenta Ky, 41, , Kmy Pl +1,° > Q> Pry+15 - - -, Pr- Furthermore, we used the momentum
conservation delta function to eliminate the integration over one of the hard momenta,
chosen to be ky,,. This is consistent because we treat the external momentum as a hard
scale compared to the IR cutoff kg. For I, = r, = 0 and my;, = 1 it coincides with (F.8)
up to a renaming of k; and k. The measures are defined as in (F.5), for hard and soft
modes.

As a next step, we expand the SPT kernels in the soft momenta. For this it is helpful
to use the general relation [48]

m! k- -k, k- -k,
Fullr, k) = ™ (i, ) S Bt K)o ) (R 1)
n! ki1 kz
in the limit where kp,11, ..., k, are soft, i.e. much smaller than the arguments k1,..., kmn,

and k = > k;. Inserting this expansion into (F.19) and summing over the number of soft
loops gives the IR resummed power spectrum at order (I, ry, mp), and at leading order
in €,

IR
P(lh,r;“mh E E E Pl ) 777 |lh,rh,mh hard, LO in ¢

1s>07rs>0ms>0
ZZ Z 2l+m 2T+m l+r+m) d/ ]
a l+7“)mlll7~|
1s>07rs>0ms>0
n m! (2l + mp)!
I rplrs mplmg! (20 4+ m)!

F2lh+mh(k1’ cee 7kmh)q17 —q1, ... 7qlha _QZh)

2ry +my,)!
MF2rh+mh (klv s 7kmh7 P1, —P1,---,Pry, —prh) (_1)ls+r5 (F22)
m 1 .
(k- k _
I s H L T
i=mp+1 ki e a; =41 Pi kmj,=k— > ki

i#Fmp
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The power spectrum P(k,,, ) can be rewritten as
m mp— 1
P(km,) = e X SV P(I

m
Kimj, =k— > ki
iFmy,

(F.23)

where the soft momenta appear in the derivative operator, and the hard ones remain in
the argument of the power spectrum. Furthermore, at leading order in € one can replace
kp, = k— th ! k; inside the SPT kernels Fy;, 1, and Fb. 4pm,. The soft loops can
now be resummed into exponential derivative operators similar to the case without hard

loops, and one obtains

pIR AN (k- q>2 2p —-qV
(lh7rh7mh)(n’k) = &xXp [dg] 9 s(q) (5 1)
lal<ks q

mp—1

(215, + mp)! (2, +mh)!gz(zh+rh+mh)(77) / [d'Qu) P(K — > i)

2(lh+rh)mh!lh!7“h! —1
1=

Fth—‘rmh(kla R 7kmhaq17_q1a - Al —th)

F2Th+’mh<k17 <. 7k’mh7p17 —P1,.-Pry» _pTh)’ mp—1
km, =k— >k

1=

k/=k
(F.24)

The derivative operator is identical to the one encountered when no hard loops are taken
into account. Furthermore, the remaining hard loops have a structure similar to the SPT
loop contribution at order (I, 7y, mp) to the power spectrum. It is important to keep in
mind that only terms where all the derivatives Vs act on the wiggly part of the power
spectrum contribute to the leading order in €. This may be used to rewrite the previous
result in two different ways, that we discuss below:

1. One can use that terms in which the derivatives act on the SPT kernels or on the
smooth part of the spectrum give a contribution that is suppressed compared to
the LO in €, and can therefore be added (or subtracted) without changing the LO.
Using this freedom, one can formally replace ky,, =k — >, k; by kpp, =k — > k;
n (F.24). Then the corresponding expression on the right-hand side of (F.24) is
precisely identical to the SPT loop contribution to the power spectrum evaluated
with all loop momenta above the IR-cutoff kg,

(k'OI)2 = —q-V,, k
Py ) (0 k)=eXp{ / o [dq] 4 G Pug) (e7¥Vw —1) p PLYIES () k)
q S

k/’=k
(F.25)

Here the right-hand side is to be computed like the usual SPT loop contributions
with the lower cutoff |Q;| > kg for all loop momenta. Since it is valid for all loop
contributions, it also holds e.g. for the 1-loop,

Pl loop( k) = exp {/| - [dg] (k- Q) 92]55((1) (e*q'V;@/ — )} P{leiis(n,k)

k/=k
(F.26)

q*
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and analogously for higher loops. We stress again that this expression is valid at LO
in . Furthermore, the LO in the number of hard loops is recovered from the above
formula by l;, = r, = 0, mj, = 1, which corresponds to evaluating (F.26) with the
linear instead of the one-loop spectrum. A disadvantage of this representation is that
it is hard to evaluate the derivative operator numerically.

. An alternative way to rewrite (F.24) is to insert the decomposition P = Ps + P, of
the initial power spectrum in smooth and wiggly components. Then, at LO in ¢, the
derivative operator is different from unity only when it acts on the wiggly part of
the spectrum. For example, this is the case when the derivative operators act on the
wiggly part of P(Jk’ — 3", k;|) in (F.24). From the structure of the measure, one can
see that there is also a contribution from the derivative acting on loop power spectra
P(k;) (with 1 <14 < mj, — 1) that arises due to integration by parts. Indeed,

v [lariper (K - Skl) = flak] (P - k)
(Vi P (ki) Py (\k’ - ij|>> <1 +0 ( Fosc >> , (F.27)

kha’/‘d

where kpqrq is of order of k; or k. Due to the symmetry of the loop integrand, this
kind of contributions add up a factor my, to the formula (F.24) that is, the eventual
contribution to the power spectrum that is linearly expanded in the wiggly part P,

is given by
IRw . _ (2lh + mh)!(zrh + mh)' 2(lp+rp+mp) s
mp—1
Pw(nv |k - Z k’L| kv kS) FZlh-‘rmh(kl’ cee 7kmh7 q1, —qi1, .- -, _qlh)
=1

F2Th+mh(k17 s 7kmh7p17 —P1,-- ., Pry> _pTh)

mp—1 .
Ky =k= 2 ki

(F.28)

where [dQ7] is defined as (F.20), but involving only the smooth parts of the power
spectra. Furthermore, we defined the ‘generalized’ IR resummed wiggly PS as follows,

- PRy
Py(n;plk, ks) = exp {/| - [dq] (kqf) Py(n; q) (e‘q'vp’ - 1) } Py(m;p)

o ) p'=p
~ exp {—47Tk2 / dq Ps(1;q) (f1(q/kosc) + cos®(k, p) f2(q/ kosc))} Py(n;p),
0

(F.29)

where in the last line we have evaluated the derivative operator at LO in € assuming
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VP, (p) = P/koscPu(p), with p = p/|p| and

fila) =5 - s o (F.30)
fola) = 51 +352) 0. (F.31)

The spectrum P, reduces to the LO IR resummed wiggly power spectrum for p = k,
Py(n;k|k, kg) = e 9°SP,(n;k). The explicit expression for P, is suitable to use
(F.28) for computing the IR resummed power spectrum including hard loops. For
example, the IR resummed one-loop spectrum reads

IR (k) = 4 /| BP0 ) Puo i )
P|>ks
6Py (17; k|, ks) / dp|Fs(k,p, —p)Ps(msp) . (F.32)
|p|>ks

F.6 Comparison with TSPT

We have already seen that the LO IR resummed power spectrum as well as the NLO
corrections in the parameter € obtained in SPT and TSPT are identical. This is a valuable
cross check, since the rather involved derivation within the well-established SPT framework
supports the TSPT result for the matter power spectrum. Let us now discuss the NLO
including the first hard corrections (F.32) and (5.3). The SPT contribution at NLO in o7 is
given by (F.32). This contribution does not match the TSPT result precisely. Nevertheless,
we will see that the difference between SPT and TSPT is beyond our power counting, so one
can eliminate it without changing the order of precision. The difference can be expressed
as

SPIY (k)

1—loop
— 4 [ @p(Fa(p.kc = )Pl ) (Pl Ik = k) = P i =l )
IpI>ks
—6Ps(77;k)/d3pF3(k,p, —p) Pu(n;plp, ks) -
(F.33)
Since the wiggly part appears under integrals in both terms, the difference is extremely
suppressed due cancellations occurring for an oscillating integrand, as was argued in Sec. 5.
In fact, we neglected such contributions also in the TSPT derivation. Therefore, in this

sense, we see that despite substantially different derivations, the SPT and TSPT NLO
IR-resummed power spectra agree.

G Cross check of IR resummation within Zel’dovich approximation

In this appendix we demonstrate how to obtain the IR resummed result for the power
spectrum within the Zel’dovich approximation. Since in ZA a closed-form expression for
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the full density power spectrum is known, this derivation serves as a cross check of the

TSPT result, which is applicable also beyond ZA. Furthermore, it is instructive to see

how the leading and subleading terms can be extracted from the full ZA result within the

power counting scheme pursued in this work. We discuss in the following the leading IR

resummed case, as well as subleading terms in € and in o7 (see Sec. 3.2 for definitions).
The full density power spectrum in ZA is given by

dSz —ikez —LkikjAi(z
P(n;k)z/(%)ge kez g=ahikidii(2) (G.1)

with

Ayi(z) = / d3q q;qﬂplm( q) sin? <(qQZ)> (G.2)

First we expand the linear power spectrum P = ¢%(n)P(k) in smooth and a wiggly parts,
P = P, + P,, and expand Eq. (G.1) linearly in P,,

L[ @2 ey _lpas (o) w
P(n,k)‘O(Pw)__Q/(QTF)ge e 2 J kzijij(Z)’ (G.3)

where A;; = Aj; + A} inherits the smooth/wiggly decomposition of the linear spectrum.
Next we decompose the g-integration in an IR part, with |q| < kg, and a UV part with

la| > ks,

A=A+ ATV =4 / d3q+/ d3q
lal<ks lal>ks

We keep the IR contribution in the exponent, but expand the UV contribution perturba-

tively. Parametrically, this generates an expansion in U,QL,

q;qﬂp( q) sin? <(q2z)> (G.4)

P(n;k)‘O(P = PR (n; k) + PLENEO (k) + .. (G.5)

In addition, in each term we need to expand in powers of kg/k, to match the TSPT and
SPT computations.
G.1 IR resummed power spectrum at LO in U]%

Let us first look at the LO term in O'}QL, which is given by

5, )2 .
PR k) = —2/ A% ik e—i’%’ff“ff(z)/d?’q (kqf) P, (n; q) sin? ((q2z)> . (G.6)

(2m)3
In order to bring it into a form that resembles the IR resummed expression derived in
TSPT, we rewrite it in the following way

1 Bz (k - q)? (q-2)
IR( . 1\ — skik; ARV ) —ik'z 3 q . .o (4 ‘
PIRGpE) = —2¢ / iy ‘ / 0 P ()|
= —9¢zkiki A (V) / d3 Py(n;9)

x(—i5()(q k') — 45<>(q+k')+ 5<>(k')>

k/=k
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In the last step we used the symmetry of the integrand under q — —q, and dropped the
last delta function since we are only interested in modes with & > 0. The exponential
differential operator in front precisely agrees with the one introduced in Eq. (3.17), so that
we obtain

. =42 (k'k,)Q Ll
PR k) =e9¢ pr(n, k) o (G.8)

Note that we did not yet perform the expansion in kg/k, so that this is the full expression
for the contribution to the power spectrum from IR modes below kg within ZA. The
expansion can be recovered by noticing that the k’-derivatives contained in the operator S
can act either on the wiggly power spectrum P, (k’,7n) or on the factor (k - k’)2/(k')%. In
the former case Vi — O(1/kosc) while in the latter Vir — O(1/k). Therefore the leading
result in ¢ is obtained when all the derivatives act exclusively on P,
PO k) = e S Pu(mi k)| (G9)

As expected, this agrees precisely with the result obtained in TSPT in Eq. (4.3), and also
with the perturbative SPT derivation leading to Eq. (F.16).

The first sub-leading terms in kg/k can be taken into account by considering the
possibility that at most one derivative acts on the factor (k-k')2/(k’)*. Tt is useful to recall
Euler’s rule in the form,

F(iVi)f(K)g(K') = [F@Vi) fF(K)g(K') + [F'(iVi) f(K)][iVi]g(K') + O(V?g), (G.10)

where F'(z) = dF/dz. Applying this identity to f = Py, g(k') = (k - kK')2/(k')*, and
F = 6*928, one finds that the sub-leading terms agree precisely with the NLO; terms
contained!® in (6.13) for s = 0, as expected for the density power spectrum in ZA.

G.2 IR resummed power spectrum at NLO in a,%

To obtain the correction to the previous results at first order in o7 we insert (G.4) into

(G.5) and expand to linear order in AV, This gives

1 [ &2 ey 1k AIR(s w
PIRNLOw (1. ) — 4/ 5 ¢ kez o= akhs A7) (o ki, AUV (2)) (Kpko AR (2)) . (G.11)

Inserting the explicit form for AYY and A" from (G.2), along with pulling the part con-
taining A’ in front as before, gives

3 2
PIRNLOn (- 1y — 46—;kiij{]R(ivk,)/ d’z ik 2 / & (k-p) Py(n; p) sin? <(P2'z))

(2m)? p
Ip|>ks

X /d3q (kéf)Qwa(m q) sin ((q2z)>

15The simplest way to extract the NLO; terms from (6.13) is to use the standard SPT expression for the

(G.12)

k'=k

1-loop power spectrum and expand the relevant kernels at soft loop momenta (see Egs. (F.9), (F.10)).
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The integration over z can now be performed trivially, and yields a sum of delta functions.
Using the symmetry of the integrand w.r.t sign flips in p and ¢, one obtains

_ 1.3 AIR(; k- p)? k- q)2
PIRNLOn (p 1) — o~ $kiks AL (zvk,)/| k d3p( pf) Ps(n;p)/d3q( q:l) Pu(n: )
P|>ks

% (69(p +a—K) = 6@ (p —K) = §¥(q - K) + 6P 1))

(G.13)
k/'=k

The last term does not contribute for any k # 0, and one obtains the following three
contributions

—Lkikj ALR GV k-p)? (k- (kK —p))?
PLENLO (g = ¢ 5 Al Wk){ [ e TR

Ip|>ks

k- Kk')2 , k-p)2
((k,)4) Pw(n;k)/p>ks d3p( pf) Py(n;p)

k-k)2 , k-q)2
. (k,)4) Ps(n;k)ﬂ(k—ks)/d?’q( qf) Pw(n;q)}

(G.14)

k'=k

So far we have not performed the expansion in . The leading order in this expansion
corresponds to keeping only terms where the derivative operator in front of the expressions
acts directly on the wiggly power spectrum. Therefore, at LO in kg/k, one can replace
k' — k except when k' appears in the argument of P,. In addition, one can express the
integrands in terms of SPT kernels, that are in ZA given by

Lcok)  (kk)
n!  k? K2

FZA(ky,. .., k,) = (G.15)

where k = ) . k;. Altogether, the contribution at LO in € and NLO in a,% is given by

1k AIR (I, 2
PIENLOL (n: |y = ™ 2Fikidi OV ){4/ ) &*p (F(k — p,p))” Pua(n;p) Pu(n; |k’ — pl)
p>ks

—6Pw(77;k')/ d*p F{A(k, p, —p) Ps(n; p)
p>ks

—6Ps(n;k)/d3qu,ZA(k, q, —q)Pw(n;q)} (G.16)

k'=k

The first term resembles closely the standard expression for Psy expanded to first order in
the wiggly part P, when inserting the decomposition P! = P, + P, and evaluated with
the IR cutoff kg. The second and third terms correspond to a similar expansion of 2P
although one should note that the last term contains a g-integration over all wavenumbers.
Furthermore, the derivative operator does not act on P,(q), but only on P, (|k’ — p|) and
on P, (K').

The first two lines agree precisely with the corresponding SPT result (F.32), evaluated
in ZA. The last line contains the wiggly part inside the integrand and is therefore strongly
suppressed, see Sec. 5. Therefore, the exact ZA result agrees with both the SPT and TSPT
IR resummed power spectra when evaluated in the Zel’dovich approximation.
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