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Consistent effective theory of long-wavelength cosmological perturbations
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Effective field theory provides a perturbative framework to study the evolution of cosmological large-
scale structure. We investigate the underpinnings of this approach, and suggest new ways to compute
correlation functions of cosmological observables. We find that, in contrast with quantum field theory, the
appropriate effective theory of classical cosmological perturbations involves interactions that are nonlocal
in time. We describe an alternative to the usual approach of smoothing the perturbations, based on a path-
integral formulation of the renormalization group equations. This technique allows for improved handling

of short-distance modes that are perturbatively generated by long-distance interactions.
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I. INTRODUCTION

Effective field theory (EFT) has been successful in a
wide variety of contexts. It allows a faithful description of
physics at the length scales one is interested in measuring,
without requiring detailed knowledge of dynamics at
shorter distances. Instead the theory is formulated with
an explicit length scale, the cutoff scale A~!, below which
modes can be nonlinear. The effects of short-wavelength
physics appear only through parameters of the long-
wavelength equations. The precise value of the cutoff scale
is arbitrary and is chosen out of convenience, so physical
quantities like correlation functions should not depend on
it. Since A enters calculations at intermediate stages, the
requirement that the physics be A independent nontrivially
constrains the resulting long-wavelength theory.

Recently [1-7], the principles of EFT have been applied
to the problem of large scale structure (LSS), the distribu-
tion of matter in the observable universe. Traditionally,
standard perturbation theory ([8—13], reviewed in [14]) has
been used to compute the LSS correlation functions, but as
has been emphasized in [1,2], this is not a reliable basis for
the theory. The problem is that for comoving wave numbers
k > kni ~ (10 Mpc)~! the perturbations have grown large
enough that they become nonlinear. Standard perturbation
theory (SPT), however, is only strictly valid when all modes
remain linear, even those with k > ky; where we know
perturbation theory no longer applies. Starting at second
order, SPT includes backreaction due to the propagation of
modes of all wave numbers. So even for long-wavelength
modes that have remained linear to a very good approxi-
mation, we should not trust the results of SPT at or beyond
this order.

The alternative is to use EFT. The natural cutoff scale,
A ~ kyp, is precisely the point where SPT breaks down.
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EFT treats modes with k < ky;. perturbatively, but does not
attempt to make predictions about modes with k > kyy.
Instead, within the EFT there are several additional
parameters (beyond those found in SPT) whose values
encode the effects that the nonlinear modes have on the
linear modes. These parameters are not calculable within
the EFT itself; they can be measured by experiment or
extracted from N-body simulations, or (in principle) they
may be calculated analytically from the full theory, which
describes the behavior at all scales.'

To formulate an EFT, one needs to have a model of the
long-distance physics with parameters that can be adjusted
to encode the effects of the unknown short-distance
physics. For the problem of LSS, the full theory consists
of a set of classical equations of motion which govern the
evolution of the perturbations, together with a probability
distribution over possible initial conditions at an early time
7;,. Given this data, we are tasked with computing the
correlation functions of the long-wavelength perturbations
at some arbitrary later time 7, averaged over the ensemble
of initial conditions. As we perform our analysis, we will
work in as general a context as possible in order to clarify
and extract the core concepts, so our perturbations will
consist of an arbitrary number of fields and we will specify
as little about the dynamics as possible.

In this paper we analyze carefully the derivation of the
EFT of LSS. Along the way we uncover subtleties that
distinguish this classical cosmological problem from the
familiar context of quantum field theory. Unlike QFT,
where loop diagrams arise from virtual particles, here they
arise from integration over the probability distribution that
specifies initial conditions. This distinction leads to impor-
tant differences between the two problems.

We employ two separate methods of attack. First, we
follow a line of previous work [1-4] in which the equations

lof course, if we could perform such calculations, we would
not need to do perturbation theory at all.
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of motion are directly smoothed in order to extract the
effective long-distance evolution equations. Our strategy is
to separate the long-wavelength and short-wavelength parts
of the field, formally solve the short-wavelength equations
of motion, and then plug the solution in to the long-
wavelength equations of motion. This technique has been
advocated in the previous works on the EFT of LSS cited
above, but we carry out the procedure more completely and
in greater generality.

Our second technique is novel, based on a path-integral
approach to the renormalization group. After expressing the
sought-after correlation functions in terms of a partition
function (a functional integral over initial configurations
of the field), we use a modified version of Polchinski’s
renormalization group equations [15] to deduce the structure
of the correlation functions of the long-wavelength modes.

We summarize our main results as follows:

(i) In the smoothed-field approach, the effective
equations of motion contain interactions which are
nonlocal in time. We show that, at each order in
perturbation theory, one can represent the effect of
these nonlocal interactions in terms of local ones.

(i) Smoothing the field does more than eliminate the
nonlinear modes from the description: short-distance
modes which are created perturbatively and remain
small are also removed from the theory, leading to
formal complications that will become numerically
important at higher loop level if not properly
accounted for.

(iii) The path integral approach, however, keeps the
short-distance-yet-perturbative modes in the theory,
allowing simpler formulas for the perturbative cor-
relation functions. This makes this approach an
attractive option for future development.

The rest of the paper is organized as follows. First, we
briefly explain in Sec. II the notation we will use for the
remainder of the paper. In Sec. Il we use the smoothing
technique to extract the long-wavelength equations of
motion from the full equations. We show how one can
formally remove the short-distance field from the equations
and construct a perturbative solution for the long-wavelength
field alone. We identify several parameters in the long-
wavelength effective theory which must be extracted from
experiment. In Sec. IV, we use path integrals to solve the
same problem in a new way. Polchinski’s renormalization
group is used to consistently determine the structure of
the theory in terms of a set of integration kernels. In this
formulation of the problem, these kernels represent the
unknown parameters to be measured. We conclude and
discuss future work in Sec. V. To provide a concrete
example of our techniques, in Appendix A we perform
explicit calculations in the theory of LSS for an Einstein—de
Sitter universe.

While this work was being completed, Ref. [7] appeared
which contains some overlapping discussion. In particular,

PHYSICAL REVIEW D 90, 023518 (2014)

its authors also discovered the need for interactions that are
nonlocal in time.

II. NOTATION

In this section we introduce the notation of the paper. Our
main example is the theory of large-scale structure in a
homogeneous FRW universe, for which the equations of
motion are those of a pressureless fluid with a Newtonian
gravitational interaction:

0=0,6+0;((1+6)v), (2.1)

0=0.0"+Hv' +0,¥ + /00", (2.2)
Here the dynamical fields are the density perturbation 6 =
dp/p and the velocity v’. We work in conformal time 7
with scale factor a(z) and conformal Hubble parameter
H = (0.a)/a. The potential ¥ is related to § through the
Poisson equation, so it yields an interaction linear in o.
These equations are approximate in the sense that they
assume only a single matter component (namely pressure-
less dark matter), contain no relativistic corrections, and are
valid on scales much smaller than the horizon. We note
that, even to the extent that these assumptions are valid,
(2.1)—(2.2) do not truly describe the behavior of physical
dark matter. The reason is that dark matter is particulate in
nature, so the fluid approximation itself must break down at
some scale. (Initial work on the EFT of LSS [1] showed that
the Boltzmann hierarchy is truncated when the dark matter
is cold and hence nonrelativistic, but again this is only valid
in the large-distance limit.)
We immediately move to a set of equations general
enough to account for all of these corrections:
Digh = Myl — 3 N i + - =0. (2.3
AV 31°M a '
We have collected all of our fields into a single object. In
the particular case of standard perturbation theory, this is

(2.4)

where @ = 9;,v'. (To the order at which we will work,
vorticity can be ignored, so only the divergence of the
velocity matters; our notation is sufficiently flexible that
extension to more perturbation variables is immediate.) The
Latin index labels both the species (in SPT, ¢ or #) and the
wave number of the field, so (2.3) should be thought of as
an equation in momentum space, obtained as the Fourier
transform of the position space equation, and contraction
of Latin indices denotes both a sum over species and an
integral over wave number.

We require that the linear operator D contains within it
derivatives with respect to time of no higher than first order,
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but it can also contain nonderivative terms. Conservation
of momentum (when it holds) is the statement that all
interaction terms are proportional to ¢ functions:
M < 89 (k; — k; — ky). (2.5)
Other restrictions on the form of the coefficients will
be imposed by rotational invariance or other symmetries
of the problem. While this is an important aspect of the
analysis, we will not focus on it here and so do not make
special assumptions about the form of the interactions.
Additionally, the interaction coefficients will in general be
time-dependent, though we will often suppress this in the
notation for simplicity. Note that the form of (2.3) guar-
antees that all interaction coefficients such as M j.k and N ;k /
are symmetric in their lower indices.
In order to simplify the discussion, we will truncate the
interactions at second order in the fields, so that

A
Di¢’ — EM;kqﬁ/qﬁk =0. (2.6)
This is not a fundamental limitation of our formalism,
but a simplification made purely for clarity and notational
convenience. It is trivial to extend our techniques and
results to arbitrarily high-order interactions.” We emphasize
again that (2.3) is far more general than the specific
example (2.1)=(2.2) of the EFT of LSS. In particular, we
need not even make the assumption that the particle content
can be described by a fluid approximation with a truncated
Boltzmann hierarchy, although calculation will become
far more complex in this case. Indeed, with an appropriate
choice of fields ¢', (2.3) becomes a Boltzmann equation
describing the dynamics of collisionless dark matter particles.

To illustrate our techniques, we perform explicit calcu-
lations, which should clarify the meaning of the notation, in
Appendix A.

III. THE SMOOTHING APPROACH

In this section we carefully smooth the equations of motion
to extract dynamics for the long-wavelength parts of the
fields. The short-wavelength dynamics are formally solved
(“integrated out") and plugged back into the long-wavelength
equations. We formulate a perturbative expansion of the
result, then use it to calculate correlation functions.

A. Standard perturbation theory

The equations of motion that serve as our starting point
are

Note that we can incorporate higher-order time derivatives by
increasing the number of fields (explicitly adding the velocity as
an additional component of ¢, with an equation of motion setting
it equal to the time derivative of the position, for example).
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R P
Digp/ — EM;kqﬁfqbk =0. (3.1)
Standard perturbation theory (SPT) calculates a perturba-
tive expansion as a series in a formal parameter e,
Plpr = el + ezqﬁgz) + e3¢'(3) +- (3.2)
then solves the equations of motion order by order in e.
We are making a distinction here between the field ¢ and
the formal series ¢spr. The intention of SPT is to calculate
¢ by assuming that it is well approximated by ¢qpr, but, as
discussed in the introduction, the approximation breaks
down immediately for short-wavelength modes and at
higher orders for long-wavelength modes (once backreac-
tion is included). Ultimately we will argue that it is more
appropriate to find a theory that is explicitly written purely
in terms of the long-wavelength modes ¢ ; the correspond-
ing perturbation expansion appears in Eq. (3.18).
For completeness and future reference, we record here
the equations of motion and solutions for SPT quantities up
to O(e?):

Ofe): Digf,) =0, ¢)() = Gi(zm: )¢, (3.3)

N I
O(e?): Dy, = EMjkqs(])(/)’(,),

. 1 T . .
Ho(®) =5 [ G ML) (), ()

Tin

O(e’): D;¢f3) = Mj‘kﬁbfl)‘ﬁ]({z)’

¢€3)(1) = /T de'Gi(z; T’)Mil(r’)(j)](‘l)('r/)gbéz) (7).

n

(3.5)

Here G; represents the usual retarded Green function,
which solves

'D;Gi(‘[, Tin) = 525(7 - Tin)' (36)

These solutions can be represented diagrammatically, as
shown in Fig. 1.

Now we can compute correlation functions of the fields
perturbatively by substituting the power series expansion
(3.2). For the two-point function in particular, we have

<¢éPT¢éPT> =’ <¢21)¢{1)>
+€4[<¢€1)¢{3)> + <¢E3)¢{1)> + <¢€2)¢{2)>] +oe
(3.7)

Terms of order ¢" are expressed in terms of the n-point
function of the initial conditions, which are specified at the
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¢%1) (1) =

FIG. 1.
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- Tin

Diagrammatic representation of the solution for ¢ )( 7), ‘/’(2)( 7), and (,15 ( ), as given by Egs. (3.3), (3.4), and (3.5). Notation is

as follows: vertical solid lines are associated with a Green function G". Vertlces represent the interaction M’ > and the position of each

vertex is integrated over time. A solid line emerging from the bottom horizontal dotted line represents an 1n1t1a1 condition ¢/

and the

in?

line reaching the upper horizontal dotted line is the quantity being calculated.

initial time 7;,. For large scale structure, the initial time is
usually taken as the time of matter-radiation equality so
that matter domination can be assumed in the expression
for the scale factor (which appears in the explicit form of
the equations of motion). This is not important for us here,
but it should be noted that 7;, does not have to be “the
beginning” in any fundamental sense; it is merely the time
at which we will begin calculating. We have set all odd-
point functions of the initial conditions to zero under
|

the assumption that their distribution is Gaussian. This is
only an approximation, since primordial non-Gaussianity
as well as nonlinear effects prior to z;, will create non-
Gaussianity at 7;,. However, it should be a numerically
good approximation to ignore such effects, and in any case
corrections of this type are easily incorporated into the
formalism.

For illustration, we will compute one of the terms
in (3.7):

iy b)) = (B, (0 / 47 G (5 ¢ ME, (), (€)1 ()

/d’c/ d’r”G’ (z;7)

Assuming Gaussianity, Wick’s theorem can be used to
evaluate the four-point function appearing here. Momentum
conservation together with the explicit form of the interaction
coefficients M leads to some simplifications. As discussed in
|

<¢E1)¢( )> (2”)35

xG;?(T;T”)Mﬁp(kj—

This is shown diagrammatically in Fig. 2. Here we have
made use of the linear power spectrum PE’H), defined
through the equation

<¢(1) (Tl)¢( )(72» G;(TI > Tin)G{n (725 Tin) <¢fn ;;11>

= Péﬂl)(ﬁ, 7 k;) (27)%6) (k; + k).
(3.10)

This is a one-loop expression, where the name comes from
the loop which appears in its diagrammatic representation.
After momentum conservation is imposed at each vertex,
a single integration over momentum remains (¢ in our
formula). That is the loop momentum.

At the end of the calculation, € is set equal to one to
obtain the actual solution, and the justification for the

M (2)G (75 ) M3 (")

k; +k;) /dr/ dt"

q;:—q, kj) (11) (77 T”|ki)Pﬁ1)<Tlv T”|Q)~

() (Dbl ()0 ()0 (). (3.8)

[

Appendix A, there are two nonvanishing Wick contractions
which contribute to this correlation function, and they give
equal contributions to the total. In slightly expanded notation,
the result is given in (A15), reproduced here:

(75 T>Mk (kﬁq,kj -q)

(3.9)

expansion is that the field itself is small. Then the nonlinear
terms in the equation of motion are small compared to the
linear terms and the higher order corrections ¢, for n > 2
systematically take them into account. However, even if the
initial conditions are small, it may be that the dynamics
causes the field value to grow with time. In the theory of
large scale structure, the perturbations with k > ky; have
become large by the present, and so (3.9) is no longer a
small perturbation. This is the point at which SPT
breaks down.

B. Effective equations of motion

We turn next to an effective theory which can incor-
porate the nonlinear interactions while still maintaining
perturbativity. The fields are still expanded in a power

023518-4



CONSISTENT EFFECTIVE THEORY OF LONG- ...

Gy (7Bl (7)) =

FIG. 2. Diagrammatic representation of the correlator
<4)é1)‘/’{3)>’ as expressed in Eq. (3.9). Here we have explicitly
indicated the quantities associated with each line and vertex. The
bottom brackets represent contraction of the two lines, which is
carried out by summing with the linear power spectrum.
Momentum in the loop labeled with indices /, m, n, o is integrated
over. The other possible contraction, linking ‘75?1) and ¢(”l),

vanishes in the theory of LSS.

series, but one that is conceptually different from (3.2)
of SPT.

We begin by splitting ¢ at the cutoff scale A, dividing it
into a long-wavelength piece, ¢, and a short-wavelength
piece, ¢, so that ¢ = ¢, + ¢5. The split is accomplished
using a smoothing function, W,, which extracts ¢; from
the fundamental field ¢. In position space, we would
smooth the field via convolution:

bu(x) = / PyWa(-Vp). (A1)

Under Fourier transform, convolution becomes multiplica-
tion. We will denote the Fourier transform of W, also by
W, but there should be no confusion since we work almost
entirely in momentum space. Then we have
P = Wali)g'. (3.12)

We have written W, as a function of the index i of the field
because it is a function of momentum, which is part of that
index. There is no implied sum on i in this formula. The
properties of W are somewhat arbitrary, but we will find it
most convenient to use W, (k) = (A — [k|). In Sec. IV
we will find it convenient for W, to be differentiable, so a
smoothed version of the ® function is more appropriate.3
For simplicity, we will assume that the linear part of the
equation of motion, D; is diagonal in momentum space (as

*It should be noted that, unless W A and 1 — W, have disjoint
support, there is not a clear distinction between long-wavelength
and short-wavelength fields. This leads to complications that
we will ignore in this section. As long as W, differs from a ®
function only in a small neighborhood around A (to allow for a
smooth transition between 0 and 1, if desired), the numerical error
from this approximation will be arbitrarily small. In [1] and its
successors, a Gaussian form for W, was assumed. This choice of
smoothing is invertible, and therefore in principle retains in-
formation about short-distance physics, contrary to the spirit of
EFT.
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is the case for LSS), so that the smoothed equation of
motion is

P | S
0="Dig| - EWA(i)M;k¢j¢k (3.13)
P | . o
=Dipi - EWA(i)M}kff’jLﬁbf — WA()M sy
1 o
-3 W) M. (3.14)

The first two terms represent interactions among long-
wavelength fields producing the long-wavelength
field, while the remaining terms are interactions of the
long-wavelength field with the short-wavelength field.
Subtracting (3.14) from (3.1) we find

o1 . o
Dighs = 5 (1 = Wa()Mjupss = (1 = W (i) Mjy by ¢
1

(1= W) Ml (3.15)
Treating ¢ formally as a background field, specified for all
times, we can solve (3.15) for the short-wavelength field as
a functional of the long-wavelength field, ¢g[¢y]. This
result can then be substituted in for ¢bg in (3.14) to obtain an
equation for ¢ alone.

More concretely, we expand the functional ¢g[¢; ] in a
Taylor series about its value when the long-wavelength

modes are set equal to zero, ¢gy = ps[dhy = 0):

¢5(7) = P (7) + / * 4 2050)

J() ...
. 845{‘(’[/) ¢L(7) + .

$L=0

(3.16)

This formula is expressed diagrammatically in Fig. 3. The
first term is the solution of (3.15) obtained by setting
¢, = 0 for all times. The second term is the first correction
coming from the incorporation of nonzero ¢, where we
think of ¢; as an arbitrary background specified at all
times. We stress that the functional derivative O¢g/0¢ is
being evaluated on the configuration ¢; = 0; we have
explicitly indicated this in the equation above, but for
brevity will suppress it in the rest of the paper. The limits of
integration are the time when initial conditions are speci-
fied, 7;,, and the time at which ¢ is being evaluated, 7;
causality requires that field values at times beyond 7 do not
contribute.

Up to this point, we have assumed that the initial
conditions at 7;, are completely specified. For the appli-
cation to LSS, however, we have a probability distribution
over initial conditions. For now we imagine selecting one
particular initial condition from the ensemble; the average
over all possibilities is only taken at the very end of the
calculation. If instead we take the expectation value over
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FIG. 3. Diagrammatic representation of the Taylor expansion for ¢ considered as a functional of ¢{, as expressed in Eq. (3.16).
Dashed lines represent (arbitrary numbers of) the field ¢, and the NL blob stands for nonlinear interactions. In the second diagram we
see the effects of the background field ¢, thought of as an external source.

the short-wavelength initial conditions at this intermediate
stage, we will miss some correlations. This effect may
become non-negligible at high orders in perturbation
theory.

Returning to (3.14), we can plug in our perturbative
expansion (3.16) to get

| N N
0= D;' =5 WA(’)Mjk¢f_¢f - WA(’)Mjkngsoﬁbf

L o
1 ) R . . 7 0 k
-3 WAty =Wty [ SO ()
)
W ()M ﬁ(ﬁ)wm---, (3.17)

where the - - - represent terms that, as we will see below, are
higher order.

Notice that the induced interactions of the long-
wavelength field with itself are nonlocal in time. This is
a very important conceptual point. The modes we have
integrated out are short-distance modes, but depending on
the dynamics they may be long-lived. This means that the
functional derivative 9¢%(7)/d¢l (7') may have significant
support even when 7 and 7’ are very different. There are
different possible strategies for dealing with these terms.
We will see below how they can be systematically
accounted for in perturbation theory. These interaction
terms, and their perturbative forms, represent the new
parameters needed to define the EFT.

C. Effective perturbation theory

The next step, as in Sec. Il A above, is to formally
expand ¢; in a parameter € and use perturbation theory on
this new, effective equation. We will assume that some
perturbative description is valid where ¢ ~ ¢ is still true
to leading order (for the long-wavelength modes), and so
the new terms should only give corrections to that. In order
to make progress, we need to decide how many powers
of € to assign to the new terms generated by interactions
involving ¢s. This turns out to be an involved question, and
we will need to make use of some assumptions about the
dynamics. For concreteness, we will specifically refer to the
theory of LSS.

The short-wavelength field ¢g is a complicated object.
First consider ¢yg,, the solution for the short-wavelength
perturbation in the absence of long-wavelength perturba-
tions. For modes near the cutoff, the linear perturbation
theory should still be approximately valid and ¢gy = ¢ ()
should hold, so that ¢gy ~ €. For the truly nonlinear modes,
we can no longer assume that ¢g, is small. However,
because perturbation theory is still valid at long wave-
lengths, we will assume that the order of magnitude of
the effects of the modes at more nonlinear scales is well
estimated by the effects of the modes at only slightly
nonlinear scales. In other words, the scaling of the
interaction terms we get by assuming ¢go ~ € will be
assumed to be the correct scaling. This is an important
assumption and we have not proved it. More detailed
analyses of the order-of-magnitude of nonlinear effects
within the theory of LSS are performed in [2,3]. There it is
shown that the nonlinear effects are under control and that
this estimation is ultimately correct. However, this point
may be an important restriction on the general applicability
of EFT methods to arbitrary equations of motion.

Similar comments can be made about the functional
derivative O¢g/0¢; . However, at the level of the second
derivative, 9*¢ps/O¢?, there is a new effect. Because two
long-wavelength modes can come together to make a short-
wavelength mode through the interaction M, the second
derivative 9?¢s /O will have a term that does not contain
any factors of €. A term in §?¢pg/O¢p? with zero powers of e
thus acts at the same order in perturbation theory as a term
in O¢pg/O¢p; with a single power of e. This complicates the
perturbation expansion.

In the specific case of LSS, the origin of this compli-
cation is that the smoothing procedure has removed too
many modes from the theory. A short-wavelength mode
that is created from two long-wavelength modes, produced
by the unsuppressed term in §*¢s/O¢h?, is not a nonlinear
mode. The reason is that short-wavelength modes created
in this way are nearly identical to long-wavelength modes
created in the same way: they are initially small (i.e.,
linear), and grow according to a k-independent linear
growth function. Like these long-wavelength modes, we
expect short-wavelength modes generated in this way to
remain linear.

023518-6



CONSISTENT EFFECTIVE THEORY OF LONG- ...

PHYSICAL REVIEW D 90, 023518 (2014)

A¢£(2) (1) = 4

(n)

1 1
1 1
1 I
1 1

J.

’ N
| ’ \
I:\ l:\
[N
[ B
[ B )
| T
1 (U}

[ [}
o Y
1o [
o [}
L...1 1.\

1
1
1
1
A4

Tin Tin

FIG. 4. Diagrammatic representation of the solution for Ay ,,, as expressed in Eq. (3.21). Dashed lines are the short-wavelength field
¢so, while solid lines are the long-wavelength field ¢; . As in Fig. 3, NL blobs represent nonlinear interactions.

To summarize, in the expansion of ¢g there will be
two types of terms. First, there will be terms representing
short-wavelength modes which have dynamically evolved
from short-wavelength initial conditions. We will assume
that all such modes give O(e) contributions to ¢g and each
of its functional derivatives. Second, there will be terms
representing short-wavelength modes which are generated
through the action of the background field ¢; alone. These
terms do not represent nonlinear physics, and it is a defect
of the formalism that they appear here as modes to be
smoothed over. We will ignore these terms completely for
now, even though they contribute non-e-suppressed con-
tributions to the functional derivative. One reason why it is
possible to ignore them is because they make up only a
small portion of the phase space at low order: when only
a few long-wavelength modes combine together to make a
short-wavelength mode, the resulting wave number will
not be much greater than the cutoff A. At higher orders,
however, when there are more long-wavelength fields
propagating, the numerical error caused by a failure to
systematically account for these modes will be greater. We
leave incorporation of these higher-order effects into this
formalism for future work, although we will have a bit
more to say on the topic below when we discuss correlation
functions. In Sec. IV below we present an alternative
formalism that naturally takes these modes into account.

We will now expand ¢; as a power series in ¢, as we did
with ¢ in (3.2). To make the dependence on nonlinear
effects explicit, we decompose each order in the expansion
into a “standard” piece and a piece generated by short-
distance physics. We write

P = €(¢£(1) + Agbi(l)) + ez(gbi(z) + Agbi(z))

+ (P )+ AP )+ (3.18)
The functions ¢y, are defined to be the same as the
¢ as in standard perturbation theory, with the replace-
ment M} — W, (i)M’, and using the smoothed long-
wavelength initial conditions W, (i)¢;, instead of the
unsmoothed initial conditions. Equivalently, one could
make the replacement G; - WA(i)G.’]'-, making use of the
assumption that G is diagonal in momentum. Physically,
this means that only long-wavelength fields are allowed to

propagate in the construction of the ¢ (,). Diagrammatically,
all lines have their momenta cut off.

The effects of the short-wavelength interactions are
denoted by Agy ,). We can find equations of motion for
the A¢; terms by expanding the effective equation of
motion in €. At O(¢e) we find

D}Aqﬁ’w) =0. (3.19)
Since the initial conditions are already accounted for in
¢1(1)> the solution to this equation is A¢y ;) = 0. This is
just a reflection of our assumption that the effects of the
short-distance scales on the long-distance scales can be

treated perturbatively.
Using this result, we find at O(e?)

S N gi 4] 1 Nagi o]
D}Aﬁl’{(z) = WA(l)Mjk¢§o¢f(1) + QWA(’)Mjk‘ﬁéoﬁbéo-
(3.20)
Here we see the first effects of the short-distance physics.

We can easily write down the solution for AqﬁiL(z) from this
equation:

Aqﬁi(z)(r):/ dT’G;(T;T/)

Tin

N 1 g
X |:WA(J)M{(Z¢I§O¢£(1) +§WA(J)M{d¢]§o¢§0 :

(3.21)

This solution is expressed diagrammatically in Fig. 4.
At O(e®) we have

DIAG] 5 = Wa()Miy o (9 o) + Ak )
. . . 7 0 k
+ Wa()M (5o + b1 1)) 355((:’)) by (7).
(3.22)

Here at third order we find the first nonlocal-in-time
interactions. However, in the context of this perturbative
expansion it is easy to deal with them. Since we already
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know the full time dependence of ¢y (1), we can factor it out
of the time integral:

C g
/ W g @) )

[, 09k (2) o ;
- [/ g0l O ]fn} ). (323)
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(The propagator is guaranteed to be invertible, because the
equations of motion are reversible.) Because perturbation
theory is a recursive process, this procedure can be
repeated at each order. Then perturbatively the nonlo-
cal-in-time interaction is expressed in terms of local-in-
time interactions. We can now write a simple expression

for Agy3):

A¢£(3)(T) = /T dT/Gj’(T; T,) |:WA(J.)M£I¢I§0(¢£(2) + A¢£(2)) + WA(J)Mfd(fﬁ]sco + ¢]Ii(1))

Tin

([ 2 ey

. 09

D. Correlation functions

Using the formalism above we can compute correlation
functions of the long-wavelength field ¢;. The power
spectrum in particular can be written as

(DLol) = (L b)) + (Bl ble) + (Bl dla)
+ <¢£(2)¢£(2)> + <¢’£(1)A¢£(3)>+<A¢£(3)¢{1)>
+ (o) A o)) + (BB )] 10)

+ <A¢’L(2)A¢’L(2)) + - (3.25)
The first line is very similar to the 1-loop result from SPT,
except every propagating field is long-wavelength. The
second line represents corrections to that result up to the
same order. Note that the sum of both lines is meant to be A
independent. In practice, the A dependence of the A¢ terms
is determined by this requirement since they cannot be
calculated from first principles. An example of such a
calculation is performed in Appendix A.

We note one technical point about this calculation. When
computing the SPT-like terms in the EFT expansion of the
correlation function, every single field is supposed to be
restricted to being long-wavelength. In general, this will
impose multiple different cutoffs on each loop integral
beyond those imposed by removing the short-wavelength
initial conditions, since some of the lines within the
loop carry sums of other loop momenta and the external
momentum. This technical annoyance has, as far as we are
aware, gone unnoticed in the literature. The effects of such
a restriction will be small, subleading in kqyema /A for low
orders in perturbation theory, but more important at higher
orders. This is related to the issue we mentioned above
regarding the contributions to ¢g which are not actually
nonlinear. Those contributions precisely correspond to
lines in the loop diagram which go over the cutoff even
when all initial conditions are long-wavelength only. It
would be preferable to have a formalism where this was

(3.24)

accounted for automatically, and the only cutoff that had to
be performed on the diagram was a cutoff on the initial
conditions. This is achieved by the path integral formalism
discussed in the next section.

IV. A PATH INTEGRAL APPROACH

In this section we use a statistical path integral to
incorporate the effects of the probability distribution
over initial conditions on the equations of motion. By
following the Polchinski renormalization group procedure
[15] we can deduce the structure of the effective theory.
Instead of smoothing the equations of motion, we will
demand that the coefficients in the effective action are
closed under renormalization group flow. We find general
results that agree with the analysis of the previous
section, up to the issues relating to linear portions of
¢s discussed above, and offer new insight into the
effective theory.

A. Polchinski RG

In this section we review the usual equations of the
Polchinski RG using our condensed notation, where a Latin
index is both a discrete label for field species and also a
continuous label for momentum. Consider an action of the
form

S8 A) = =5 # PO ] + Sl N). (41)

where P(A) is a symmetric matrix which depends on the
momentum cutoff A.* The partition function,

*P should be thought of as a smoothly varying function of
momentum k and the cutoff A which is A independent when
k < A and zero when k > A, and transitions rapidly between
these two phases for k ~ A. In the EFT of LSS, P is the smoothed
initial power spectrum.
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= /Dqﬁes,

is a physical object and so should be independent of A,
which was introduced artificially. Taking the A derivative
gives

(4.2)

0 (dPY s, LdPUOS

@(ﬁ“b@eiﬁéa
_(apPv . dPY i
— (Gt + S o+
— lﬂ -1 1 id P! J 4
— (35 P 5 P+

Since this is a total derivative, it will vanish when (func-
tionally) integrated with respect to ¢. Then, up to a field-
independent but A-dependent shift in the action, the
partition function will be independent of A if

d 1 (d_Pij aSint aSint
2

dPii 9*S,,
ﬁsint(dhA)___ dA a¢j a¢1 N >

dN Opiog’
(4.5)
We have neglected the appearance of an external current in

the free action, but the current drops out of the final
equation if it is chosen to be orthogonal to dP/dA:

dpPi
dA

J;=0. (4.6)

Since dP/dA only has support near the cutoff A, this is
usually guaranteed by choosing J to have support only at
low momentum.

We can expand the interaction as a power series:

| .
Sint = Z% i lm( )¢ll . ¢lm_ (47)
m=0""""
Then we have the identities

mt i im
aﬁ Z Vi, (W@ g, (48)

S =] ‘ ‘
—m — V... (N - in. 4.9
Yy ;WUMAW g (49)

The RG equation (4.5) can be written in terms of the V
coefficients as
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dz 1 .d d

o - — J

= [ 2o (=5 0 S + Sl ) )
(4.3)

Then consider the quantity

L LdPUOS 05 1dPi_0S

2dN ¢ 0y | 2dN opiog )¢

143 S S 1P S ) 44

2dN O¢) O¢'  2dN OPiodi ) '

|

d 1 /dPii

d_AVi1~~i,,, (A)=-3 (d_A ijiy iy

dPii I [m
+d_A (k)Viil"'ikvjik+|"'inz>' (410)
k=0

There is a simple diagrammatic interpretation to this
equation. The lhs represents a vertex with m external legs.
The first term on the rhs is a vertex with m + 2 external
legs, and two of them are contracted with the free
propagator. The second term on the rhs takes a vertex
with k4 1 external lines and another with m —k + 1
external lines and connects them by contracting one line
from each vertex using a propagator.

B. A path integral for standard perturbation theory

In cosmological perturbation theory we are given initial
data ¢! at the initial time 7, for some collection of
perturbation fields. For simplicity, we will assume that
these satisfy Gaussian statistics, meaning that their
correlation functions can be calculated using the path
integral

z L, — j
in EXp < 2 m[Pinl]ij fn) .
(4.11)

Byt = [ a0

This is a three-dimensional Euclidean path integral over
the set of all initial perturbation configurations. The matrix
P;, appearing here is the initial power spectrum. Of course,
in reality there will be a small amount of non-Gaussianity in
the statistics at 7;,, coming from nonlinear evolution prior
to 7, in addition to possible primordial non-Gaussianity. To
account for this we can replace the exponent in (4.11) with
a more complicated functional of the ¢;,, including higher
order terms.

We can use this same path integral to compute
the correlation functions of the perturbations at a later
time as well. Denote these late-time perturbations by ¢’
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suppressing reference to the time of evaluation z,. The
procedure is simply to write the late-time perturbations as
functionals of the initial data, ¢’ = ¢'[¢h,], computed from
the equations of motion, and then plug this into the path
integral:

(@h---¢in) = /D¢in¢il [in] - - @ [pin]elPn). (4.12)

The “free action” S, is just the same quantity which
appeared in the exponent of (4.11). The late-time correla-
tion functions can be collected into a generating functional
ZJ]:

) = / D exp (Solhu] + I [dul).  (413)

Now we note that the external current term in the
exponential can be alternatively interpreted as a compli-
cated interaction term for ¢;,. By solving for ¢’ in
perturbation theory, we obtain a polynomial expansion
for the interactions, the vertices of which are determined by
integrating the equations of motion perturbatively. In SPT,
we have a natural expansion for ¢':

4 A 1. ‘
Pspr = KlSPTj¢ijn + EKISPTjk¢{n e (4.14)

In the notation of the previous section, we would write

i L i i
¢{m) = %KJSPTil--~i,,,¢irl1"‘¢in' (4.15)

Comparison to Egs. (3.3) and (3.4) leads to explicit
formulas for K gPTj and Kiyp i

Kprj = Gj(703 Tin), (4.16)

KéPTjk = / 0dT/Gil(TO;TI)M?mGﬁ'(T/;Tin)GZq(T/;Tin)'
Tl

in

(4.17)

The higher order coefficients can be computed analogously.
Using these, that the m-point interaction vertex for ¢;, is
given by

VSPTi1~--im = JjK’éPTilmim. (418)

C. RG in the effective theory

We will now introduce a cutoff to the theory.
First, we replace the initial power spectrum with the
smoothed power spectrum in the free part of the action:
P — W, (i)*P;! = PY. For this section, W, is a function

in

PHYSICAL REVIEW D 90, 023518 (2014)

which is equal to 1 for k£ < A, has a nonvanishing derivative
for k ~ A, and then is equal to O for k = A. With this choice,
dP/dA is only nonzero over a very small range of momenta
right near the cutoff. In this way we have restricted the set of
possible initial conditions for the perturbations. Second, we
restrict the external current J to have support only for
modes k < A. It is important that the support of J be distinct
from the support of dP/dA. This corresponds to only
allowing ourselves to ask questions about long-wavelength
modes.

It is important to note the differences between this
cutoff and the smoothing scheme used in Sec. III above.
There we decomposed the fundamental field ¢ into short-
and long-wavelength pieces at every point in time. As
discussed extensively in subsection IIIC above, this
had the effect of smoothing over all propagating short-
wavelength fields, even the ones resulting from the
backreaction of long-wavelength modes over which we
have perturbative control. By contrast, here we are
smoothing the initial power spectrum PY, not the fields
created at later times. Hence the techniques of this section
will not discard these perturbative short-wavelength
modes. In explicit calculations, the difference between
these approaches manifests as a difference in the con-
straints imposed on loop momenta. We exhibit this
difference explicitly in subsection A 2 of the Appendix.

Having made these restrictions, we need to include
additional A-dependent interaction terms which incorpo-
rate the effects of the UV modes that have been elimi-
nated. We will deduce the form of these interactions by
demanding that the full set is closed under the RG flow,
(4.10). There are three classes of new terms, two of which
we have already discussed. First, there are terms linear in
J, which represent propagation. Second, there are terms
that are J independent and represent renormalizations of
the effective initial power spectrum, as well as induced
initial non-Gaussianities. The third class of terms, which
we have not yet discussed, contains the terms nonlinear
in J. Normally, terms with higher powers of an external
current are not generated by RG evolution. This is
because the external current is chosen to have support
only over momenta for which dP/dA = 0, and so J drops
out of the RG equations as discussed above near (4.6).
However, that is not the case here. Consider the con-
traction of the m-point interaction with dP/dA, as it
occurs in (4.10):

dPiil dPiil .
A VSPTi1~~~im :d—AJjK]SPTi]mim(QI?~-~7Qm>’ (4-19)

To make things a little more clear, we will restore explicit
momentum dependence to this equation and use con-
servation of momentum to simplify the expression. Then,
by a slight abuse of notation, we have
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dPiil
dA (QI)VSPTiI»--im(QIv'--

&gy dP 4
_/( ) dA ( j<_zqi>K§PTil..-im(ql’""qm)'

(4.20)
The power spectrum derivative is only nonzero when
g1~ A, and J vanishes unless Y g; < A. Except for
m = 1, these requirements can be simultaneously satis-
fied. Therefore J does not drop out of the RG equations.
Hence RG evolution is nonlinear, and we will generate
terms which are nonlinear in J. These are generalized
evolution terms for ¢b; heuristically, they encode the
effects of the stochastic source terms of the precious
section.
In general, we can write a series expansion for the full
m-point interaction coefficient V:

2.1
Jie /n
z] . E ;J Kzl .
n=0

’ qm)

(4.21)

The n =0 and n =1 terms are the renormalized initial
distribution function and standard time evolution, respec-
tively, while the n > 1 terms are the new ones. We can
expand (4.10) as a power series in J to obtain RG equations
for the K coefficients. This yields

inl"'jn — _l (d_PlJK]l]n

dA iy dA ijiyiy
it 22 (4)()
+ — K.l/ll] Jl/ KJ;+II Jr;
dA ; = ko Jh+ m
(4.22)

This equation is portrayed schematically in Fig. 5. Since the
rhs of (4.22) involves only terms with < n raised indices,
the equations can be solved order-by-order in n. The
n =0 terms therefore renormalize among themselves.
We immediately learn that if all » =0 terms vanish,
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nonzero terms will never be generated by the RG. This
means that a Gaussian initial distribution at all scales, and
the power spectrum is unchanged.

Now we examine the n = 1 equation:

d j ldPiJ j j
ﬂKill'"im - _Eﬁ |:K11111 “Im +Z( ) Kllll R

+ K,','l...ikK]-l- ):| .

JUet17 U

./lk+l lm
(4.23)

If the initial perturbations are Gaussian, K coefficients with
zero upper indices vanish, so the first term on the rhs is the
only one that survives. For the special case m = 1, we find

i lapi

d

aa K =58 K (4.24)
Since K coefficients with a single upper index correspond
to renormalized time evolution, we can write K = Kqpy +
AK for these, where Kgpr is defined above and is
independent of A. Then we have

d o 1dPij

1 1
ﬁ m — 2dA (KSPTl/m + AK

im)- (425)
The AK factors are only nonzero because they are
generated by this equation. Therefore they are suppressed
relative to the Kgpyp factors by PY. To the extent that
perturbation theory is valid, this means they are small.

The utility of this equation will be more recognizable if
we compute ((;5( )qﬁ’" )o in the notation of this section,
where the subscrlpt A means that we take the SPT
calculation and restrict the initial conditions to be long-
wavelength:

1 .
<¢n ¢m> = KSPT]](I(<¢”1 {n>A<¢ikn¢i]n>A

R AN IR
+<¢?1) in>A<¢ijn in>A)

(4.26)

FIG. 5.

Diagrammatic representation of the renormalization group equation (4.22). The curved bracket at the bottom represents a

contraction with a factor of dP"/dA. The second graph on the right stands for a sum over various ways to distribute and contract the

incoming lines.
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1
76KSPT]kZ(<¢( )‘l" )P+ (b ph)aP

+ (B i) aP7) (4.27)
1 m n [ jk

= EKSPTjkl<¢(1)¢in>AP (4.28)
1 n ! jk

) SPTJk1<¢ in) P (4.29)

In the last equality we have used the fact that the
momentum associated with the n index is below the cutoff,
) <¢E’] )gl)fn> A is actually independent of A. Then all of the A

dependence of this expression is in the P/* factor. Taking
the A derivative and using (4.25) we find

, \dPit

d 1
OO = S K )T (430)

d dP/
= —<¢( ><dAAK A 2AK]kl> (4.31)

d 1 dPJ'k

Since the AK terms are small in perturbation theory, the
second term on the rhs can be dropped as it is subdominant
compared to the first term. Then this equation says that the
A dependence of (4’)’(’1)4&’” ) is canceled by A dependence of

<¢?])A¢Z’§)>, where Ag = AK['¢,. We can think of this

as a renormalization of the propagatlon of ¢.

It is tempting to identify this correction with A¢y 3y from
Sec. III, but they are not the same. Recall that Agy s
was defined as the correction to ¢y ), which was related
to ¢(3) be restricting every propagating state to be long-
wavelength. Here we are not doing that. We are only
restricting the initial conditions to be long-wavelength, but
these may generate short-wavelength states spontaneously.
The spontaneously generated short-wavelength states
remain linear, as discussed in Sec. III, and so they are
automatically incorporated in SPT. The correction A s) of
the present section is the correction to the SPT result (with
restricted initial conditions), and so does not include these
particular modes.

Now we turn to the n = 2 equation, which represents the
simplest type of generalized evolution. In that case we have

aa K, =5 (ﬁ Kijii-i,
dPij m 2 m 2 j j Jig
v 222 () ()t )

(4.33)
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The first term on the rhs is a generalized evolution term, and
so will be subleading compared to terms in the sum which
are not suppressed by the power spectrum. If the initial
perturbations are Gaussian, the / = 0 and / = 2 terms in the
sum on the rhs vanish. The remaining sum over k vanishes
for m =0 and m =1 by momentum conservation and
orthogonality of J and dP/dA. The simplest nontrivial case
is m = 2, where we find the equation reduces to

d . 1 /dPij_ . dPij
i = - (dA K, + 4o K{;IK;;> (4.34)

To leading order in perturbation theory, this equation is

d . dPii
K — KJ]
dN i dA SPTii,
The meaning of this equation can be illuminated by
considering ((;5’(12)(;5;’3) YAl

K]z

SPTjiy* (435)

1
<¢n ¢m> KSPT:]KSPTkl(<¢m¢m> < ikn iln>A
+< iin ikn>A< ijn >A+< in 1n>A< ikn 1]n>A)
(4.36)
1 . o _—
= 3 Koy Kspri(PUP + PYPI PPk (4.37)
1 oo
= EKnginrsnPrkJPlkPﬂ + <¢Z’2)>A<¢f’§)>A- (4.38)

The second term vanishes in the theory of LSS based on the
explicit form of K¢pr, which we can see in Appendix A. To
leading order in perturbation theory, the A derivative of the
first term is

diA <¢2’2>¢E’§)>A = K$pri; Ksprii P ik;l_iﬂ (4.39)
- % pik dcj\ K (4.40)

=L@ pre) 1 P aan)

_ %% (P*Km 4 2K (4.42)

In the last line we have used another of the RG equations.
Notice that the (¢(;)¢2)), contribution to the correlation
function has its A dependence canceled by new types
of terms not present in the classical theory. The second
term, in particular, is strange because it has no lowered
indices. That means it comes from a field-independent (but
J-dependent) interaction in the effective action.

Let us take a moment to examine the RG equation
associated with such terms:
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d <dP’J

_K]l Jn — — ]l “Jn

dA\

dPii <n> i) e
4+ K{] ./lKJ.I+1 Jn> ) (443)
dx £=\1 J

We will restrict our attention to n = 1 and n = 2, since
those are the terms which are relevant for the one- and
two-point functions, and for simplicity we continue to
assume a Gaussian initial power spectrum. For n = 1, the
equation becomes

d . 1dPij_;

— Kh =___" "KgnI

dAK ="3UA K. (4.44)
We can once more write KJ‘ = Ké‘PTU + AK7j. In the
theory of LSS, the term w1th Kgpr vanishes due to
momentum conservation and the explicit form of Kgpr.
Therefore the only contribution is from AK’ ', So K/ is
suppressed by two powers of P,

Now we turn to n = 2:

—_ K2 :__ i sz zdP

d 1 (dPij
dA dA dA

K"K’2> (4.45)

The second term actually vanishes by momentum con-
servation and the orthogonality of dP/dA and J. Then K/1/2
is also generated at second order in P.

D. Renormalization of the one-point function
and power spectrum

We can use the above formalism to compute the one-
point function and two-point function by taking derivatives
of Z. The first derivative of Z is

o0 o0 .
i1 Jn Im\J
ZZmln' Ve Klll ‘i <¢1H”'¢ir:>1\’

m=0 n=0

(4.46)

where (- --)} denotes the expectation value in the presence
of nonzero J (as well as the cutoff A). This means that the
expectation value of ¢ is

. 1 0Z 1 . ; ;
N =—-= :E — KL i)
<¢ >A Z[O] 31, o m:()m! Qi <¢1n ¢1n>A

(4.47)

None of the nonlinear terms in J are involved in this
computation. Generally speaking, the n-point function
requires knowledge of the J* terms in the action for
k <n. So the one-point function is based purely on the
renormalized evolution defined by the interaction terms
linear in J. Also note that all of these expectation values are
taken with J = 0, so that they are Gaussian expectation
values if the initial distribution is Gaussian, using the
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cut-off initial power spectrum WA(i)ng. In this special
case, only the even terms in (4.47) are nonvanishing.
To compute the two-point function, we take another

derivative of (4.46), divide by Z, and set J = 0O:

1 0*Z
P\ = Zerarar, aJ, -
Z ( ) Ki Kl (e din)a
m=0 k=0

(@)a())-

+Z l] 1,,, ¢:1};I>A+
(4.48)

The third term is the disconnected piece, and the first term
is the answer one would expect if the effective theory
simply consisted of renormalized classical propagation
of ¢, while the second term is the generalized evolution.

For simplicity, let us set the disconnected piece to zero
and assume Gaussian initial perturbations. Then up to
second order in P we have

(@' = (B}, ]1))+ () b5 )>A+<¢§1>AK;;¢{;>A+<1'«>J'>]

@t +KIHSKE P (449)

2
The first term is the linear evolution, and is A independent.
The bracketed collections of terms are each A independent
at this order in perturbation theory based on the analysis
above. This expression can be compared with (3.7) in
standard perturbation theory, or (3.25) in the smoothing
formalism.

Our analysis of the path integral has been fairly formal,
but nevertheless extremely instructive. This approach to
cosmological perturbation theory reveals which collections
of terms must have vanishing A dependence, as well as
indicating what kinds of structures are generated by
renormalization. It is also able to automatically incorporate
the effects of short-wavelength modes that are generated
by interactions of the long-wavelength modes (and are
therefore in the linear regime). The appearance of integra-
tion kernels K with multiple upper indices is novel,
representing effects directly attributable to these generated
short-wavelength modes. It would be interesting to connect
these with the statistics of a stochastic source term in the
equations of motion.

V. CONCLUSIONS AND FURTHER DIRECTIONS

The application of effective field theory ideas to the
evolution of large-scale structure involves a number of
subtle issues. Unlike in quantum field theory, here the
underlying model is a classical field theory with probabi-
listic initial conditions, in which modes at all wavelengths
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can propagate over large distances. Fortunately, in the real
world it is short-wavelength modes that are nonlinear,
allowing us to construct a perturbation theory for the long-
wavelength modes.

In this paper we analyzed two methods of deriving such
a theory. The first approach, which proceeds by smooth-
ing the fields, most closely resembles previous work in
the subject. We were able to carefully derive consistent
expressions for the long-wavelength modes by first
expressing the short-wavelength parts as a Taylor expan-
sion in the long-wavelength background. This makes the
dependence on nonlinear effects very explicit. There is a
technical speed bump inherent in this technique, however,
due to the ability of interactions between long-wavelength
modes to create perturbative short-wavelength modes,
which the smoothing procedure automatically squelches.

Our other method starts with a path integral over initial
perturbations, and uses the renormalization group to derive
conditions obeyed by correlation functions. This approach is
quite general and flexible, and naturally accounts for the
effects of perturbative short-wavelength modes. Further
investigation will be required to see how practical this
technique is for calculations beyond what is shown in
Appendix A (although we see no reason why it shouldn’t be).

The main open question is that of predictivity. In both
methods a huge number of effective interactions are gen-
erated. Much of the power of EFT as used in quantum field
theory comes from the reduction of the possible number of
terms due to symmetries. It has been argued in [2,3] that only
a certain collection of terms are present in the effective
theory. However, it is not yet clear in the formalisms we
discuss precisely how the symmetries act to simplify the
equations. In particular, the nonlocal-in-time interactions of
the smoothed picture are qualitatively different from the
types of interactions we are used to considering, and further
study may illuminate some unexpected properties.
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APPENDIX: EXPLICIT CALCULATIONS

In this appendix we perform some explicit calculations in
both SPT and the EFT of LSS in a simple setting. We will
use a single-component, nonrelativistic, rotation-free dark
matter fluid moving in an Einstein—de Sitter background,
subject to Newtonian gravitational attraction. Extensions
to multicomponent fluids and the full theory of general
relativity are straightforward, but distracting. All of the
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fundamental conceptual issues are present already in this
simple calculation.

1. Standard perturbation theory

In an Finstein—de Sitter cosmology—that is, a flat,
matter-dominated FRW universe—the scale factor is
given by a(z) = (/7)% the conformal Hubble factor is
H = a'da/dr = 2/, and the equations of motion for a
dark matter fluid simplify to

3 .
0 = 9.6(z,k) + 0(z, k) +/(L217§3 quq 5(r,k —q)0(z,q),
(A1)
0=0.0(z,k) + HO(r, k) + %Hzé(r, k)
dq kKq-(k-q)
+ / 22 247k —q)? 0(z,k —q)0(z,q). (A2)

At first order, we drop the nonlinear terms and solve the
linearized equations using a Green function:

o)(7. K Sin(k
< )l ))ZG(mm)< ( ))‘
01)(7. k) Oin(K)
Here 6;, and 6;, are initial conditions at the initial time z;,,,

and G(t, 1y,) is a retarded Green function for the linearized
system:

(A3)

31? +2‘r; —T‘? +‘r§
50372 5031,
G(11;15) = L 1 O(r; —17). A4
)= | o0 e ) (ad
57‘]‘1'% 51‘1‘72

Note that for 7> 7, we have &;) « 7>  a, which is the
dominant growth function behavior familiar from standard
perturbation theory. By keeping careful track of both 6
and o we are effectively including the subdominant mode
as well.

The method of SPT is to incorporate nonlinearities
perturbatively by substituting the linear solution into the
nonlinear terms and treating them as a source for the
second-order terms. Then we have

o] (T,k) T 3
<9E1 )= [ 4 | Gaotn)
( l;%15(1)(7’, k —q)0(7,q) >

K2q-(k—
a0 (7 k = )07 )

(AS)

This procedure can be repeated to compute higher-order
perturbations. For instance, at the next order we have
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<ZE ) /"’/(2

The expansion is tedious but straightforward to compute.

Before continuing, it will be useful to make contact with
the notation of the body of the paper. The perturbations &
and 60 are regarded as components of the perturbation field
@', where i = 6 or i = 6 (for added clarity we label the
momentum separately, and not as part of the Latin index).
Then (A3) can be replaced by

45( )(T k)=

The nonlinear terms in the equations of motion can be
incorporated into the pair of matrices

=

Gi(z: 7)o, (K). (A7)

0 _kik;
5 5
M3k ko k) = | . (A8)
“kde g
2
0 0
MY (ks ko, ks) = 0 _ Kk |, (A9)
Kk

so that (A5) and (A6) become, respectively,

T

x (k;k _qﬂl)¢< )(T k - q)¢( )( .q),
(A10)

TTM’

and

By (11 K1 )bl (2. K2) = (2260 (K, + k) / a7 / de"

Mt (ky;q.ky — q)GI (737"

M2, (kz — 4: . ko) Py (71,7 "rk )P,,, (. 7lg).
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K150y (7. k — )01 (7. q) + 52 (7. k —q)01)(7'. q)]

(A6)

2q.-(k—
Zz‘%liliq;lz) O (7. k—q)0(7.q)

iew- [

(ka—q’Q)(ﬁ()(T k - ‘I)¢()( .q).
(A11)

‘L"L'M]

The correlation function we will use as our example is

<¢(1)(Tl» k1)¢( )(727 ky)). (A12)
which occurs in the SPT expansion of
(@' (71, k1)@ (72, ky)). (A13)

We just have to multiply ¢(;) and ¢(3) above and take the
expectation value using Wick’s theorem (assuming
Gaussian initial conditions). The result will depend on
the linear power spectrum

<¢l(1) (Tl ’ kl )¢€1) (TZ7 k2)>

=P (71, 75|k ) (27)68) (K + ko).

7 (Al14)

The presence of the Dirac 6 function is a result of trans-
lation invariance, and in addition rotational invariance
implies that P}, (k) is a function only of k?. These results
produce numerous simplifications, in particular that
<¢i }) = 0. Doing a little algebra, we find that

Tz, )

(A15)

The overall factor of (27)36) (k; + k) is present because translation invariance is respected at each order in perturbation
theory. Here ¢ is the loop momentum, which still must be integrated over.

2. Accounting for the cutoff

Now we will discuss the two approaches to regulating (qﬁ( 1 )4)(3)), before discussing how the A dependence of the result is

canceled by new interactions. First, the smoothing method of Sec. Il demands that we replace ¢ ;)

¢r(3)- The result is

(27)36%) (k| + ky)

7 7
X dt’ dt”
Tin Tin

x Wy (lk, —q)M},(

<¢£(1) (Tl s kl)¢{_(3)(727 k2)> =
dq

(Gl (t2: )W (ko) ME,, (K3 q. Ky —

ky — a; =g, ko) Wy (ky 2P},

and ¢3) with ¢ (;) and

q)G (7;7")

H(T 7 k) Walq )2Pl

o (7. 7"|q)]. (AL6)
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Notice that there are two nontrivial constraints on the loop
integral. The two constraints |k, —q| < A and ¢ < A are
awkward to satisfy simultaneously. However, if we ignore
the constraint on |k, — q| then we only make an error of
order k,/A, which is small for us.

<¢( )(Tl’ k1)¢< )(72’k2)>A = (2”)35 (kl + kz)

X /T2 d’c//rl dr”/ dq
Tin Tin (

—q;—q, kz)WA(kl)ZP(p (7.7

X Mgp(kZ

Unlike the smoothing prescription, here do not place a
bound on |k, — q|. The other difference is a missing factor
of Wy(k,), but this factor is redundant since k, is an
external momentum which must be small. This integral is
more straightforward to compute, but, as mentioned above,
until we are ready to compute to the level of k, /A precision
there is no real difference. Either computation is well-
approximated by (A15) with a hard momentum cutoff at
qg=A.

We continue the calculation be performing the angular
part of the integral over q in (A15). Defining the matrix
2 by

dq
o= [ 1

x (k —q;=q. k)P, (7. 7"]q),

M}, (k:q.k —q)Gy (s 7")M,
(A18)
we have
k 1 k3 2 69 " k(1. 0
(k) = e dr P (@ T kr) Gy (7' ")
1G9 I Hk
+§ 5(T 77'-) Pl

(A19)

where g = kr. The entries of the IT matrix are

5 >, 1 o L=\ pse )
= (1+r —l—a(l—r)log Py (@ 7" [kr),

(1 +r)?
(A20)
g = — _érz +r +£(1 —7r?)?log (1=n)?
0 3 4 (1 —|—}")2
X P?f1>(1’,r”|kr), (A21)
5 5 1 (1—r)?
Y = <r 2 §+ﬁ(1 - }"2)210g(1 s P?fl)(r’,r’/]kr),
(A22)
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The alternative approach is the RG path integral of
Sec. IV. There we are instructed to only place a cutoff on
the initial conditions:

27)° G217 )M}, (k2 q. k> — @)G (7/:7)

k) Walq)* P (7. 7"|q)]-

/ (A17)

0 | 2100 L= pos (o
M=—(1+r +E(1—r) log P (7 kr).

(1+r)2 (11
(A23)

Hence (A15) can be rewritten succinctly as
(#{ (Tlvk)¢ (72, —K))’
:/ d’r’/ dT”G{;(TZ;’L'/)ZI;(T/;T//“()P[('[;U(TI,T//|k).
(A24)

Here the ' means that we have dropped the overall §
function. In an Einstein—de Sitter universe, we can use (A4)
to do the time integrations analytically. The result is simple
in the limit 7; = 7, = 7 > 1;, if we also isolate the large r
part of (A20)-(A23). We find that

(¢},) (2. K)y (r.-K))’
1R ( G an

) 50
S G TR | dat (ssla

(A25)

It is at this point that we introduce a cutoff A in the integral
over g. Approximating this integral by the contribution for
g near A is valid up to corrections of order k/A.

The A dependence of this correlation function needs
to be canceled against the A dependence of either
<¢£<1)A¢£(3)> or (¢, AK,’( k). depending on which
approach we use. In thls case, to the level of approximation
to which we are working, they are the same. We will use the
smoothing picture here because it gives us more informa-
tion. The formal expression for A¢2(3) is (3.24), which has

several terms featuring different combinations of short- and
long-wavelength fields.

When we look at the expectation value <¢L A(ﬁ’ >
there are some simplifications due to momentum conser—
vation and Gaussian statistics. Because of Gaussian
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statistics, the expectation value reduces to a sum of
products of pairs of expectation values. Because of
momentum conservation, the long-wavelength fields can
only be paired with the long-wavelength fields. Therefore
terms with an odd number of ¢y ;) factors when fully
expanded will vanish. After some algebra, this leaves us
with

<¢£(1)A¢£<3)> = <¢21)AK;{ o) A (A26)
where
AK{; = /7 dr /T de" Gl (z; )M Pk,
oPg (')
x |G (s T M2l + = G2 7).
(A27)

We see that the form of the correction is identical to
what was expected based on the analysis from Sec. IV.
Alternatively, we can write this correction as

Wldte) = [ aGlm2)CHE 0P, (. )

Tin

(A28)

with
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v 9P (?)
k(- _ 1"k q m (e n 4P S
Cl (T |k) _/T;n dr qu¢SO (Gn (T T )Mopgbso_'—ad)i(r//)
x [G(7'37")71]9. (A29)

In perturbation theory, this is same result as one would have
gotten from a term,

Ci(7k)¢' (k). (A30)
added to the equation of motion for ¢.

In the theory of LSS, it has been argued [1,2] that the
terms one should add to the equations of motion represent
the parameters of an imperfect fluid. In particular, to lowest
order in k/ A, the coefficients of the C matrix determine the

sound speed, viscosity, and heat conduction coefficients in
the fluid:

S 6

P
C(lk) = < )
B -G

These four coefficients are expected on the basis of
thermodynamic considerations. We should note that the
A dependence of (A25) cannot be fully accounted for with
the sound speed and viscosity coefficients, cZ and ¢ alone.
Nonzero heat conduction terms are also required. This
agrees with the recent result of [6].

(A31)
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