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We generalize previously derived analytic results for the one-loop power spectrum (PS) in scale-free
models (with linear PS P(k) « k") to a broader class of such models in which part of the matter-like
component driving the Einstein de Sitter expansion does not cluster. These models can be conveniently
parametrized by @, the constant logarithmic linear growth rate of fluctuations (with @ = 1 in the usual case).
For — 3 < n < —1, where the one-loop PS is both infrared and ultraviolet convergent and thus explicitly
self-similar, it is characterized conveniently by a single numerical coefficient ¢(n, @). We compare the
analytical predictions for ¢(n = —2, a) with results from a suite of N-body simulations with @ € [0.25, 1]
performed with an appropriately modified version of the GADGET code. Although the simulations are of
small (256°) boxes, the constraint of self-similarity allows the identification of the converged PS at a level
of accuracy sufficient to test the analytical predictions for the a dependence of the evolved PS. Good
agreement for the predicted dependence on «a of the PS is found. To treat the UV sensitivity of results which
grows as one approaches n = —1, we derive exact results incorporating a regularization k. and obtain
expressions for ¢(n, a, k./k). Assuming that this regularization is compatible with self-similarity allows us
to infer a predicted functional form of the PS equivalent to that derived in effective field theory (EFT). The
coefficient of the leading EFT correction at one loop has a strong dependence on «a, with a change in sign at

a~0.16, providing a potentially stringent test of EFT.

DOI: 10.1103/PhysRevD.108.023509

I. INTRODUCTION

Cosmological perturbation theory (PT) is a very important
tool in the theory of cosmological structure formation (for
a review, see, e.g., [1]). It is essentially the only useful
analytical instrument currently available to provide insight
into nonlinear dynamics, and also an exact benchmark for
numerical simulations. Despite its apparent simplicity, it has
remained an active area of research over several decades, and
there are still open unresolved issues relevant to its appli-
cation to standard cosmological models. In particular much
research has been focused on the sensitivity of the functions
describing nonlinear corrections at a given (weakly non-
linear) scale to contributions from smaller scales. These
“ultraviolet” contributions are associated with apparently
unphysical divergences in the simplest formulation of PT,
and a number of different approaches have been proposed to
regulate them (see e.g. [2-23]).

Scale-free models, on the other hand, are a family of
simplified cosmological models with initial fluctuations
characterized by a power spectrum (PS) and an Einstein de
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Sitter (EdS) expansion law a(f) o« 12/3. Scale-free models
are of interest in the context of perturbation theory—
and more generally—because they provide a very well-
controlled framework within which to understand and test it
against numerical results. This is the case because of the so-
called self-similar evolution characterizing these models,
which makes the temporal evolution of clustering statistics
essentially trivial as it is given by a rescaling of the spatial
coordinates. This property means that any theoretical
predictions which can be made for them will take a much
simpler form than in a realistic [e.g. Lambda cold dark
matter (LCDM)] cosmology. In perturbation theory, for
example, the correction to the PS at each order in
perturbation is given by a single number, rather than by
a function of scale as in standard models. Further, as has
been demonstrated recently [24,25], this same property of
self-similarity allows one to obtain very precise results for
statistics from numerical simulations. These models can
thus provide a potential test-bed for PT and in particular for
the question of their ultraviolet divergences and their
regulation.

Scale-free models are usually understood to correspond
to a standard EdS cosmology, with source for the expansion

© 2023 American Physical Society
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being the matter which clusters start from initial Gaussian
fluctuations with a PS P(k) « k". This means that one can
explore the properties of clustering—and the adequacy of
perturbation theory in describing them—as a function of
the initial conditions (i.e. of ), but only within the setting
of the single EdS cosmology. In this article we consider
perturbation theory in a broader class of scale-free models
first considered in [26] and which we call here generalized
scale-free models. In these models the initial fluctuations
are still defined by a power-law PS P(k) o k" but the EdS
expansion is driven by the energy density of the clustering
matter and, additionally, of a smooth matterlike component
(with energy density scaling as 1/a3). The EdS model is
thus one of a one-parameter family of such models. This
parameter can be given by the ratio of the energy density of
the matter clustering matter to the total energy density, or
equivalently, by the linear growth rate of density fluctua-
tions. This allows us to potentially exploit the nice proper-
ties of scale-free models to test perturbation theory in a
broader setting which probes also dependence on the
expansion history, and specifically on the linear growth
rate of fluctuations. We focus here on the simplest
canonical analysis in perturbation theory, of the one-loop
PS. Building on our derivation in [27] (hereafter P1) of the
kernels in Eulerian and Lagrangian perturbation theory for
the generalized EdS cosmologies, we generalize existing
analytical results in standard perturbation theory for the one
loop PS in the usual scale-free models to these generalized
scale-free models. We analyse the interesting and nontrivial
predicted dependences on the growth rate and report some
tests of these results against analysis of data from N-body
simulations performed with an appropriately modified code
developed in [26]. We also discuss how the effective field
theory (EFT) approach to the regularization of ultraviolet
divergences is modified in this class of scale-free models
and the interesting possible numerical tests these results
suggest.

II. POWER SPECTRUM IN GENERALIZED
SCALE-FREE MODELS

We consider (as in [26]) models of pressureless matter
clustering under its self-gravity starting from density
fluctuations which are Gaussian and characterized by a
power-law PS P(k) «x k". The expanding cosmological
background in which it evolves is given by

w=eC,, (0
where p,, is the density of clustering matter, H is the
Hubble expansion rate, and x is a positive constant. While
the physical interpretation of this expansion law is not in
practice of any relevance to our considerations here, we
note that, as discussed in P1 (see also [26]), for ¥ > 1 one
can interpret it as arising from the contribution of an

additional matter component that does not cluster, while for
any x” it can be interpreted in terms of a change in the
effective Newton constant governing expansion relative to
that governing clustering. Doing the standard analysis of
linear perturbation theory using this expansion law we
obtain a growth law D(a) « a* where the constant growth
rate « is related to x* by the relation

o[ o)
TRV T

Just as in the usual EdS model (with k> = 1 and a = 1), we
have an expansion law a(¢) >3 and there is only one
characteristic length scale associated with the power-law
PS. The property of self-similarity of evolution of cluster-
ing follows if such evolution is indeed well-defined without
cutoffs in the infrared and ultraviolet. Theoretical analysis
(see e.g. [28]) suggest that this can be expected to be true
for —3 < n < 4, and many different studies using numeri-
cal simulations indicate that such self-similarity is indeed
observed in at least up to n = 2 (see e.g. [26,29-35]), and
irrespective of whether cosmological EdS expansion is
supposed or not [36-38]. Indeed a hypothesis underlying
numerical simulation in cosmology is that clustering is
insensitive to the infrared or ultraviolet cutoffs necessarily
introduced by such method (box size, particle density, force
smoothing, etc.).

A. Power spectrum in generalized EdS cosmology

-

We define canonically (and as in P1) the PS P(k) = P (k)
(k = |Kk|) of the (assumed) statistically homogeneous and
isotropic stochastic density field by

(5(k,a)d(k’,a)) = (27)38P)(k + k')P(k,a), (3)

where (- - -) denotes the ensemble average. We have shown
in P1 that, just as for the usual EdS model, the equations
describing the clustering of matter in the fluid limit, with
irrotational velocity, can be solved, in generalized EdS
models (gEdS), with a separable ansatz for the density
field:

(5]

5(k.a) = D'(a)s" (k). 4)

i=1

and likewise for the velocity perturbations. Assuming that
the fluctuations are Gaussian at linear order, one obtains the
PS at one loop as

P\ _ioop(k, @) = Py (k,a) +2P3(k, a) + Py (k, a), (5)

where P (k,a) is the linear power spectrum and the one-
loop contributions are
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3

d 5
Pa(k.a) =3P (ka) [ 2y M@ @R (K 0.-q), (6)
3
Paka) =2 [ L P a. 0Pk - a0 (k- a.0)F, @

[T

where the superscript “s” indicates that the kernels F, and F5 are symmetrized with respect to their arguments. These
expressions are identical to those in the standard EdS model and the only difference in the gEdS models come through the
modification to the kernels, which (see P1 for detail) are now functions of the parameter a:

14+ 4a 20 -
F = Q
010 = (1 e Jatar a2 + (g )P 8)
1+ 2a da -
G2(q1.92) = <1 T ba > (41.92) + <1+6 >ﬂ(‘11,¢12) 9)
1 1+ 6a) 2\ -
F3(q1.92.q3) = §{<1 n 8a>a(¢11»112 +q3)F2(q2.93) + < )ﬂ(‘]u‘h +43)G>(q2.93)
1+ 6a
+ Kl T 8a ) (g1 +q2.93) + < ) (41 +92.95 ]Gz(‘h,qz)}y (10)
where
- . + ~ 1 .
aara) =198 p gy =L gl (1)
qi 2 9193

Using these expressions (see P1) the PS at one loop is then  and the N;(k) integrals are
expressed in terms of three integrals with a dependent

fficients: 1 ®
coethicients N; =5 KPLK) / drpy(kr)n(r), — (17)
s 0
1 +4a 1 +4a)\2
=M M, — | M,, .
"1 6a +<1+6a) : with
14 2a 2a(1 + 2a)
2P; = N, N, (12 4
13 = N0 TR ™M T T T 6a) (1 4 8a) 2 (12) = -3 (18)
where the M, (k) are the integrals 1+8 o (2 = 1)3ln|1 4 (19)
n, = —re—r
! 3 2r 1—=r|
l'__kg/ dr/ d//lPL kr
1 8 (=13 |1+7|
kv/1 -2 =—(1=-=r—r 1 . 20
O R 0 A =

(1 + r* =2ur)?

The variables r and y in the integrals have been defined

with from the momenta in Egs. (6) and (7) as r = g/k and
u=Kk.q/(kq).
mo(r.p) = (u=r)% (14)
(rot) = 4r( )1 = ) (15) B. Power spectrum for scale-free initial conditions
PR = AT o We now consider the case that P; (k) is a simple power
5 . law. In order to control carefully for infrared and ultraviolet
my(r,p) = 4r* (1 = p?)%, (16) divergences we introduce cutoffs, taking
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AD*k", if e <k <k,
P (k,a) = (21)

0, otherwise

where A is the amplitude of the power spectrum at a = 1,
D = a® is the linear growth rate of fluctuations, and ¢ (k)
are the infrared (ultraviolet) cutoffs.

We will work with the dimensionless power spectrum,
defined canonically as

_ k*P(k)

M) = 22)

The one-loop result in Eq. (5) can then conveniently be
rewritten as

e k.,
A%—loop(k> = A% l:l +c (}’l, a, % ’ ?) A%:| s (23)
for ¢ < k < k., and where A2 (k) = %

The dimensionless constant ¢ in Eq. (23) is then given by
1 +4a ~ ]

e k. M—|—1+4QM—|— 7
c\n, o, —,— — PR

Kk k T 146al ' T 1+6a ?
. 1+2a{A 2a

N, N e
+ * 1+1—|—6a

" 14 8a NZ] 24)

where the M; and N; are dimensionless integrals:

N 1 [ke/k Hrmax R
M, = / drr"/ du(1 + r* = 2ur)2m;(r, )
4 é/k Hmin

(25)
N 1 [ke/k
N; = / drr'n;(r) (26)
4 e/k

where m; and n; are the same functions defined above, and

2 2
i (7) :Max{_l’w}’
r

1+r2—(€/k)2}’ 27)

. = Minq 1
/’lmdx(r> ln{ ? 2r

are the angular integration limits.
Defining the characteristic scale ky; by A?(ky,) =1,
we have

kg (a) o« a3, (28)

and, given the assumed power-law form,

A2 — ( k )W). (29)

kyg,
If ¢ remains finite when we take the limits ¢ — 0 and
k. — oo, ¢ becomes a function of n and « only, with

A2

1—]00p(k) = A%[l + C(I’l,(Z)A%]. (30)

The evolution is then explicitly self-similar in a sense that

k

A?(k,a) :A2<—,1) (31)
kyi(a)

i.e. the temporal evolution of clustering corresponds to a

rescaling of the spatial coordinates in proportion to the sole

characteristic scale, the nonlinearity scale o k,(,'L, defined

by the power-law PS.

C. Convergence analysis

By studying the behavior of the integrals M; and N; in
the limit £/k — 0 and k./k - co we can determine their
infrared and ultraviolet convergence properties. Following
standard analysis, and as discussed also in P1, the two
dimensional integrals M; have divergences for certain cases
in the limit ¢/k — 0 at r =0 and r = 1. As noted e.g.
by [39] the contribution of each is in fact identical because
of the symmetry of the integrals (the r = 1 divergence
corresponds to |q — k| — 0, which is identical to the
r = 0 contribution after a change in variable). This means
that the infra-red behavior can be determined simply by
doubling the r =0 contribution, which can easily be
inferred from a Taylor expansion.

Explicitly the leading behavior as r — 0 of the inte-
grands of M, and N, is ~r", leading to divergence for
n < —1, but when summed (and taking into account the
factor of two mentioned above) these leading divergences
cancel and give a “safe” leading behavior ~r"*? i.e.
convergence for n > —3. The integrands of the four
integrals M,,M,,N,,N,, which contribute to the PS via
an a-dependent pre-factor, all have this same safe behavior.
As noted in P1 the overall infrared convergence for any
n > =3 thus holds for any a, exactly as in the standard EdS
model. This result is expected since such convergence is a
consequence of Galilean invariance [40,41], a property that
is respected by the generalized EdS cosmologies just as in
the canonical case.

For r — o0, on the other hand, the integrands in NO, N 1>
N, all have the same leading behavior ~r", and all those in
M,, M,, M, the leading behavior ~r>"~2, For the canonical
a = 1 case, the one loop PS therefore diverges for n > —1
with a leading divergence coming from the term ~r" for
n < 2, and from the term ~r**=2 for n > 2. As noted in P1,
the same result holds in the gEdS models, except for
one important difference: the coefficient of the leading
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TABLE L. Expansion around (1/r) = 0 of the integrands of M;
and N;. As in the standard EdS model (@ = 1) these imply that the
one loop PS is divergent for n > —1. As discussed in the text, the
coefficients of these divergences depend on a and at a specific
value (a = 0.16) the leading divergence vanishes and the one-
loop result remains ultraviolet convergent for n < 1/2.

Expansion of integrand

) - n*=3n—

My P o

) n— 2(n"—3n—-4

Ml r2 2[—%—%4‘0(%)4}
) n— 8(n’—3n—4

Mo P R o))
NO —%r"

Ny =52+ 0G)"]

N, r[=3+55+0()]

divergence vanishes at a specific value of a. This can be
seen by using the results in Table I to infer the linear
combination of these integrands which is used to obtain
the one loop PS as in Eq. (24). The expansion around
(1/r) = 0 of the resultant integrand is then

foi(@r" + fippla)? =2+ O["=2, Pn=4 (32)

with the former giving the leading term for n < 2 and the
latter for n > 2, and where

7 — 1da — 176>

f@ = 506 + 80)° (33)
7 + 36a + 92a°

fipa(a) = W (34)

The indices of the functions f have been chosen to indicate
the value of n at which the corresponding terms lead to
ultraviolet divergence of c. As noted in P1 the function f_;
crosses zero at @ = a,, where

a, =0.1635- - (35)

while f/, is always nonzero and of the same sign as in the
case « =1 (see Fig. 1). Thus the leading divergence
actually vanishes at this specific value «,., and one loop
PT gives in this case a well-defined (i.e. finite) prediction
up to n = 1/2. The two leading terms in the expansion of
the integrand in ¢ about (1/r) = 0 are then given by

Fila)r =2+ fip(ad) =2 + o=, =4 (36)
where

4(1 4+ 2a)(8a—1)
35(1 + 6a)(1 + 8a)

fila) =

] — j=-1
i — j=12
0.4__ _ j=1
0.3
0.2
g ]
v 0.1
0.0
-0.1
—0.2
I T T T I T T T I T T I T T T I T T T I
0.0 0.2 0.4 0.6 0.8 1.0
04
FIG. 1. The prefactors in Egs. (32) and (36) for j = —1,1/2, 1

as a function of a. The associated leading UV contribution, which
diverges for n > —1, is proportional to f_; and thus vanishes
at a = a,. = 0.16.

For n < 0 the first term is the leading one while for n > 0 it
is the latter.

We will return to discuss these behaviors in more detail
in Sec. IV below, in which we consider the regularization of
ultraviolet divergences in these models. Until then we lay
aside the consideration of these divergences, deriving exact
one loop results for the ultraviolet convergent regime (for
any a i.e. for n < —1). We report our numerical tests of
these results, in the still more restricted regime where they
appear to be very insensitive to (finite) contributions from
ultraviolet scales.

D. Exact results for PS (-3 <n < -1)

To obtain an analytical expression for the one-loop
corrections in the range where there are the infrared
divergences cancel out and there are no ultraviolet diver-
gences, i.e. for —3 <n < —1, it is convenient to use
dimensional regularization to treat the infrared divergences
in the individual contributing terms (as in [5,40]). To do so,
itis convenient to work directly with the initial unsimplified
expressions for P; and P,, as in Egs. (6) and (7) where P;,
is a simple power-law (without cutoffs). Replacing the
integrations [ d*q by [d?q we obtain

— A2 4 ddq n n|g(s) 2
P (k,a) = A%a 2n)° g2k —q|"|F, ' (k —q,q)|,
(38)
2 Aa ddq npn(s)
P]3(k,6l) = A“a W:;q k F3 (k,q, —q) (39)
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To integrate Eqgs. (38) and (39) we use the formula (see the
Appendix in [40]) as below

[
(¢*)"[(k = q)*]*>

F(d/Z - 1/1) (d/2 - l/z)r(l/l + Uy — d/2)
LCw)F(w2)I(d = vy = 12)
x /2 | d—2v1—2u, (40)

together with relation

1
kq:i,

SRk F ). (@)

This leads directly to the following expressions:

(L —
2

N . 2= (n? + 2)I(4 — n)(2ED)
(Mo + Ny) = = 2,
[(2-57°0(("53)
M 2—(11—0—2)7:1—*(% _ n)r(nTS)
1 == PRy Ty ;
r(2 =54
R 2—(n+2)r:1—‘(1 )F nTH)
M, = 2 nid )
r2-5)T)
f = 3n? CSC(@)
PRI -nr 4+ 4)°
" 372 cse (L)
N, = 2 42
T2 -orE+3)° (42)

from which it follows that

+2

7l (
-5 4(n +

n(43) [(n +2

(e {1 (Fsa) w2

(

Setting a = 1 in the individual expressions for P; and
P>, used to derive Eq. (43), we have checked that we
recover identical expressions to those in [5,40].1

A further check on the correctness of the expression
Eq. (43) is obtained by comparing with the exact result for
the case n = —2 which, as detailed further below in Sec. IV,
can be obtained directly using the expressions in Eq. (26) as

372 (4a +1)(220% + 10a + 1)
8(6a +1)*(8a+ 1)

c(n==2,a) = (44)

The left panel of Fig. 2 shows c¢(n, @) as a function of n
for different chosen values of «, including the canonical
a =1 case. Compared to the latter, the most evident
qualitative change as « varies is that the zero crossing of
¢, whichis at n = n. =~ —1.38 for @ = 1, not only increases
toward n = —1 as «a decreases but actually ceases to exist at
a certain critical value of a. The right panel of Fig. 2 shows
the quantitative behavior of n. as a function of a. This
critical value is none other than «,, the positive root of the
function f_; discussed above, at which the leading diver-
gence changes sign. Indeed we can see this also by
expanding our expression Eq. (43) around n — —1, where
it has a simple pole, which gives

'As noted in [5], there is a sign error in one term in the
expression for the fourth term of P,, given in [40]. The latter
reference also defines a coefficient labeled as analogous to our c,
but differing by a factor, with a5 = r(i%;)c

(*3°)
)% (o prg o

i
>[n+6 <1 42—a6a> Zin]' (43)

|
(7 = l4a — 17622)
156a + 1)(8a + 1)
4Q2a + 1)(4a + 1)
9(6a + 1)?

cn=-14¢&a)=-

(45)

We note also that, other than very close to the
divergence, ¢ is a very slowly varying function of « in
the range of a which is relevant to current standard type
models, for which the logarithmic linear growth rate varies
between @ = 1 (and high redshift) and a ~ 0.5. As dis-
cussed in P1, the correction to the one loop PS relative to
the EdS value in these models can be well approximated
(to about 20-25%) by calculating in a gEdS model with an
effective value at z =0 of a~ 0.9 (which represents an
appropriately averaged growth rate over the cosmological
evolution).

III. NUMERICAL TESTS OF PREDICTED
a-DEPENDENCE (FOR n= -2)

In this section we compare the results of numerical
simulations with the analytical result given by Eq. (43).
While it is potentially of interest to consider a wide range of
different n and @, we limit ourselves here to probing the
a-dependence (which is the novelty of our analysis) of the
result for n in the regime where we expect that this result
may actually provide a good approximation i.e. where the
ultraviolet sensitivity of the result is weak, for n well below
—1. To quantify this a little more we show, in Fig. 3, the
results of a determination of c(n,a, k./k) by direct
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(04

FIG. 2. Left panel: coefficient ¢ characterizing the one-loop correction to the PS in standard perturbation theory, as a function of #n in
the range n < —1 where the result is finite, for different values of a. Right panel: the critical value n = n. at which the one-loop
correction to the PS changes sign, as a function of a. The black dash-dotted horizontal line corresponds to standard EdS for which
n =~ —1.38, and the black dashed vertical lines indicate the critical value a,. =~ 0.16 below which c is always positive.

numerical integration for the different indicated values of
the cutoff k./k. The ultraviolet sensitivity as expected
diminishes markedly as n decreases. In the left panel of
Fig. 2 we see, on the other hand, that the a-dependence
remains quite uniform for n < —1.5. If n decreases too
close to n = -3, however, the dynamical range of a
simulation due to the finite simulation box size will become
very limited. We thus consider the value n = —2. Figure 4
shows, for this value of n, the predicted difference as a
function of a between the coefficient ¢ and its value for
a = 1. Given that the modification of the PS is proportional

1.5
1.0
< 0.5
(@]
AV ]
— 0.0
I 1
S 054
C ]
t)’ 4
—1.0—_
1 o o kJk=10
-154 v v kdk =100
1 I T T T I T T T I T T T I T T T I T T
-2.0 -1.8 -1.6 -1.4 -1.2
n
FIG. 3. Numerically evaluated c(n,a = 1,k./k) for differ-

ent indicated values of the cutoff k., as a function of n. Also
shown is the exact result (solid line) obtained using dimensional
regularization.

to ¢ multiplied by A? (k), and that the one-loop calculation
is expected to be valid only for small values of the latter, it
is evidently of interest to simulate smaller values of a for
which the difference in power is amplified. We consider
here simulations with N = 256° particles, and the values
a=1.00, 0.7, 0.5, 0.33, 0.25. The lower limit ¢ = 0.25 is

0.7

0.6

0.5

0.4

0.3

C — Cgds

0.2

0.1

0.0

T T T T T T T T T T T T T T T T T
0.2 0.4 0.6 0.8 1.0

FIG. 4. Difference between the coefficient ¢(n = -2, ) and its
value in the standard EdS model cgyg = ¢(n = =2, = 1), for a
in the range explored by our suite of simulations. Note that it is
this quantity multiplied by A? which gives the fractional change
in the predicted PS, and one loop PT is expected only to apply for
A? < 1. At A? ~0.1 the predicted maximal change in power, for
a = 0.25, is thus of order of 5%. This can be compared with the
much smaller changes in standard (LCDM-like) models, of order
0.5% at z = 0 (see P1 and [42-44]).
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imposed, as we will explain further below, because
the numerical cost of the simulations increases strongly
as a decreases. Nevertheless this value is sufficient to give
predicted changes in the power of order 5% for A? = 0.1,
much greater (and therefore much easier to measure
numerically) than the predicted changes of ~0.5% in
standard (LCDM-like) models (see [42—44]). As discussed
in P1, the latter can be well approximated by using a gEdS
model with a =~ 0.9.

A. Simulation method

Our numerical results here have been obtained using
N-body simulations performed with an appropriately modi-
fied version of the GADGET2 code [45] as described in detail
in [46], and further in [47]. Indeed the class of scale-free
models we are considering cannot be simulated by the
standard version of GADGET2 code, which allows only
expanding backgrounds specified by the standard cosmo-
logical parameters. The gEdS cosmology has been imple-
mented instead by modifying the module of the GADGET2
code which allows simulation also of a static universe (i.e. of
an infinite periodic system without expansion). The usual
equations solved in N-body simulations for particles in
an expanding background are given in comoving coordi-
nates x as

d*x; dx; 1
‘+2H—=—F,; 46
dr * dt &' (46)

where the gravitational force is

1
Fi=—Gm> S hw,(x-x,))  (47)
J#i ‘Xi —X j|

with W, a function that smooths the singularity of the
Newtonian force at zero separation, at a characteristic scale
&, and the “P” in the sum indicates that there is a sum over the
copies of the periodic system. As discussed in further detail
in [46], these equations can be recast, by the simple change

of time coordinate 7 = [ dta=/?, as
d’x; dx;
iyr&i_ g, 48
dr? + dr ! (48)
where
1 1 da
F=-a’?H=-qg'—. 4
2 24 @ (49)

Thus the equations of motion are just those of self-
gravitating particles in a nonexpanding system subject to
a simple fluid damping. The family of gEdS cosmologies
corresponds to models given by a constant value of I, with

' =k\/272Gpy/3 (50)

where p, is the mean mass density at some chosen reference
time. The static universe module of GADGET2 has thus been
modified to include this constant fluid-damping term, keep-
ing the original “kick-drift-kick™ structure of its leap-frog
algorithm and modifying appropriately the “kick” and
“drift” operations. The structure of the code is otherwise
unchanged. Further details and various tests of the modified
code have been described in [46], in particular tests of energy
conservation (using the so-called Layzer-Irvine equations)
as well as a direct comparison showing excellent agreement
between simulations of the standard EdS (i.e. « = 1) model
using the existing GADGET2 expanding universe module and
the new modified static universe module.

To generate initial conditions we use the canonical
method, applying displacements to the simulation particles
initially placed on a perfect lattice, and ascribing corre-
sponding initial velocities, as prescribed by the Zeldovich
approximation, for a random realization of a Gaussian
fluctuation field with the chosen input PS (for more details
see e.g. [48,49]). At the starting time, a,, the initial
amplitude of the PS has been set using the specific choice
(following the criteria of [33,50])

A2 (ky., ag) = 0.03 (51)

where kjy is the Nyquist frequency of the initial particle
grid. We use the same realization of the initial density
field in all five simulations. The initial displacements are
thus identical in the five simulations, and the initial
velocities simply rescaled appropriately for each a (since
the Zeldovich displacement is proportional to D).

Outputs of the simulations have been saved, starting
from the initial time, at times defined by

ty=1logD(a) =0.1 s (52)

where D(a) is the linear growth factor, defined so that
D(ag) =1, and s =0, 1,2...33. Thus the predicted linear
power spectrum in each simulation is identical at each
output, and the final output, at a = ay, corresponds to an
amplitude A? (k, ay) = €%°0.03/256 ~0.17 at the funda-
mental mode k;, = 27/ L of the periodic box. As we will see
below by this time the finite box size corrections are very
dominant over the very small effects we are seeking to
measure (at the few percent levels).

To calculate the power spectrum based on data from
N-body simulations, we have used the publicly available
POWMES code [51] with the size of FFT grid equal to 5123
(compared to the 256 initial particle grid) and without any
“foldings.” This is quite sufficient resolution for the
analysis here, focusing on smaller k.

B. Results

Figure 5 shows the dimensionless PS measured in the
five simulations, at the starting time and at three subsequent
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Dimensionless PS measured in our suite of five simulations, with the indicated values of «, as a function of k (in units in which

the box size L = 1). The solid black line is the dimensionless linear PS A? (k). The first panel is the initial configuration (with identical
power in each simulation) and the other three progressively more evolved snapshots.

times. Also shown (solid black line) is the linearly evolved
theoretical input PS (which, by construction, is the same at
each time for all the simulations). Likewise we see that
the initial PS of the IC is identical at the starting time.
Inspecting the a dependence of the evolving PS, we
observe a qualitative behavior in line with Fig. 4: as «a
decreases the nonlinear power increases. However this
trend with « is in fact clearly visible in these plots only
starting from A? approaching unity, where we do not expect
perturbation theory to apply. Indeed as we have discussed,
Fig. 4 implies changes to the nonlinear power of at most
about ten percent. The origin of the amplification of the
highly nonlinear power we observe in this plot—and more
particularly the steepening of its slope as a function of a has

been discussed at length in [26]. Here we focus instead on
the perturbative regime.

We also see in Fig. 5 the visible effects of finite mode
sampling on the small k modes (i.e. small A?) which are
relevant for the regime we are interested in: indeed for
smaller k there are clearly, at the initial time, visible
fluctuations of the measured PS A2 (k) relative to the
theoretical linear PS power spectrum AZ (k). Thus we
expect that a comparison of the observed power with the
theoretical prediction can be accurate at best up to a
systematic error of order § = (A%(k)/A%_(k)) — 1, while

sim

Note that the fundamental mode in our units is 2z. The visible
“dip” at small k arises from just the first sparsely populated bin.
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FIG. 6. Ratios of PS measured in the four simulations with @ < 1 to that measured in the standard EdS (a = 1) simulation, as a
function of time parametrized as log D. Each plot corresponds to the indicated chosen value of the theoretical input dimensionless PS
AZ. Self-similar behavior (i.e. a result independent of the scales introduced by the N-body simulation) corresponds to a constant value.
The different horizontal lines correspond to the (self-similar) ratios predicted by one loop standard perturbation theory. The vertical line
on each plot indicates the time at which k = ky, the Nyquist wave number of the particle grid.

if we consider the measured ratio of the power between  the ratios measured in the different snapshots. The indi-
two simulations we can expect accuracy instead of  cated values of A? correspond to those calculated for the
6 x [c(n,a) = c¢(n,a = 1)]. In order to measure the very theoretical input PS spectrum at the geometric center (in k)
small effects predicted, we therefore consider this relative  of the bins, which are equally spaced in log space with
measurement, using (arbitrarily) @ = 1 as our reference. Alog;o k = 0.1. We underline that, because the points are

Figure 6 shows results for the ratio of the PS measuredin  plotted as a function of log D, the differences measured in
the four simulations with a < 1 to that in the standard EdS ~ these plots arise purely from the nonlinear evolution.
case. Following the analysis method developed in [24,25],  Further the measured power spectrum is self-similar if
each panel is for a different bin of A? (corresponding to a  and only if it is a function of AZ (k) only i.e. if it is constant
fixed bin of rescaled wave number k/ky;), and shows  ineach plot. The ratios of the measured (self-similar) power
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predicted by Eq. (43) for each value of «, is indicated by a
horizontal line.

The behavior we observe in the plots in Fig. 6 is
qualitatively similar to that in analogous plots from the
(much larger, but standard EdS) simulations analyzed and
discussed in [25]. The points from any given simulation,
at the chosen rescaled wave number k/ky; in each plot,
display approximately, in differing degrees and ranges of
time, the flat behavior corresponding to self-similarity. The
strong temporal evolution at early times arises from the
ultraviolet cutoffs (grid spacing, force smoothing), while
the strong suppression at later times arises from the finite box
size. Indeed the latter sets in at later times in the successive
plots, as A2, and therefore the associated k at a given time,
increases. The vertical line in each plot indicates the time at
which k corresponds to the Nyquist wave number of the
initial grid, which likewise increases as A% does so. In the
upper two plots the results are also, because they correspond
to smaller k£ at any time, significantly more noisy. The
plateaus can just about be discerned within a large approxi-
mate error bar given by the amplitude of the scatter in the
flattest five or six points. Comparing these plateau values
with the predicted ones (given by the dotted lines) we see that
the overall agreement is very good, and most particularly in
the cases where the plateau is very well defined, notably in
the lower two plots. It appears that the theoretical value is
systematically a little high in the first two plots. This can be
attributed to the fact that this theoretical prediction is
calculated with the theoretical input A2, which fluctuates
more at these smaller k relative to the actual initial conditions.
The apparently slightly low theoretical values for the smallest
a simulation in the last plot probably reflect the increasing
contribution of higher order corrections expected as the
amplitude of the deviations grow (in these cases above about
ten percent). We conclude thus that the a-dependence of
the PS observed in our simulations are apparently in good
agreement with the one-loop PT predictions.

IV. « DEPENDENCE OF UV DIVERGENCES
AND THEIR REGULATION

General considerations (see e.g. [28]) lead one to expect
that nonlinear cosmological clustering should be ultraviolet
insensitive for power-law initial conditions P(k) o k"
provided n < 4. For scale-free models, with an EdS
expansion law, such cutoff independence implies self-
similarity. Numerous numerical studies confirm that such
self-similarity is indeed observed, with different authors
exploring different ranges of n, up to n =2 (see e.g.
[26,29-38,52]). The ultra-violet divergences which render
the predictions of standard perturbation theory (SPT)
undefined as n approaches —1 from below are a priori
therefore unphysical. The PS of standard cosmologies,

3The finite size of the bins has also been taken into account in
this latter calculation but only very marginally modifies the result.

however, at large k has a behavior (typically ~k=> log k)
which leads to finite SPT predictions. Nevertheless there is
also a region where the effective logarithmic slope of the
PS corresponds to that of the ultraviolet divergent region,
and one expects then that the associated unphysical diver-
gences lead to inaccuracies of the predictions of SPT. In
the last number of years there has been much interest and
work on the so-called effective field theory (EFT) approach
to the regulation of this ultraviolet divergences (see e.g.
[2,3,5,7-18,20,21]). This theory provides a systematic
approach to the problem directly inspired from that used
in high energy physics.

Without employing the full machinery of EFT, we can
recover very simply its results for the class of model we are
considering. To do so we impose a finite ultraviolet cutoff
in the PS (i.e. we take k. to be finite) above, and then
consider how k. can scale with k in a manner compatible
with self-similarity.

For n > —1, an analytical expression for ¢(n,a, k./k)
(with k./k finite) can be found for integer values of n. To
do so, as shown e.g. by [39], one can conveniently rewrite
the M, double integrals by breaking up the integration
range as

1w Fmax 1—€ 1
/ dr/ du :/ dr/ du
€ Hmin € -1
(1/w)-1 1 1+e€ (l+r2—ez)/2r
+/ dr/ dﬂ—i—/ dr/ du
I+e -1 1-€ -1
1/ 1
—I—/ dr/ du,
(1/w)-1 (142 —072)/2r

where € = (¢/k) and w = (k/k.). For the N, integrals we
simply divide the integration range over r into € to 1 and
from 1 to 1 /w. For each of the resulting integrals an explicit
analytic expression can be obtained (using Mathematica
[53]), and written as a series expansion about ¢ =0 or
o = 0, with poles associated with the divergences we have
analyzed. As previously discussed the divergences as € — 0
in M, and N, cancel for n > —3. The results for the
individual integrals, M ; and N ;» are shown in Table II and
the resulting expressions for ¢(n,a, k./k) in Table III. In
each case we have included terms in the expansion around
® = 0 and € = 0 which do not vanish when the latter goes
to zero. We note that the terms which diverge as k./k are in
agreement with the results for the leading ultraviolet
divergences given in Sec. II, with the leading divergence
~k'*1 and the following one at ~k2"~!. Further in the
expressions for ¢ we recover exactly the factors propor-
tional to the a-dependent coefficients f_;, fi/,, and f;
given in Egs. (33), (34), and (37).

In order to respect self-similarity it is sufficient to choose
a regularization k./k which is assumed to be some function
of A? (k). The simplest and natural choice is to take
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TABLE II.  Analytical expressions for the six integrals, M ; and N ;(fori=0,1,2),forn=1,n=0,n=—1 and

n = =2, up to linear order in k/k, and in the limit ¢ = 0.
M;, N, n=1 n=20 n=-—1 n=-2
9 ke = 1 k k.
M, 30— 16 slog(y) 3e
~ k. 2 _4
i, “40)+3 - ; 0
9 kL’ 7[2 g IT2
M; 1300 =3 5 o 31_6k
Ny -1 -3(%) slog() 3
A 2 k( ”2 _ i L g ”2
N 2(5) + Hlog () - 5% %) — 16 slog() +35 T
J 2 4 (key | 3a2 4100(k 32
N, —3 () —slog(¥) + 4% -3+ 3log(z) —T6
TABLE III. Analytical expressions for the one-loop coefficients ¢(n,a, k./k) for n =1, n=0, n = —1 and
n = —2 up to linear order in k/k. and in the limit ¢ = 0.
n c(n,a,k./k)
1 (1-14a-1762%) (ko2 | (T436a+9207) k. | 4Qa+1)(Ba=1)log(5s)  4a(a(168072a-+133249)+59990)+26667
30(6a+1)(8a+1) (7) + 30(1+6a)? Tt 35(6a+1)(8at1) 29400(6a+1)*(8a+1)
0 (7-14a-176a) k, | m*a(4a+1)(5a+1)
15(6a+1)(8a+1) k 2(6a+1)?(8a+1)
1 (7-14a=1762) 1 ke | 4Qac+1)(32a+7)(52a+7)
15(6a+1)(8a+1) 'k 225(6a+1)*(8a+1)
-2 372%(4a+1)(2a(11a+5)+1)
8(6a+1)(8a+1)
k, < kyy (53) for any n other than the specific values n = —1,1/2,1...,

i.e. to assume that the effective cutoff in the one-loop
integrals is set by the nonlinearity scale. Using this
prescription we write the regularized result first as

~ kNL o kc_ kNL
Creg n,a,T = C n,a,;—y X

k.
= lim {c (n, a,f = ﬁ) + Ac(n, a,y, /1)}

A—>0

where

k
Ac = c<n,a,y1]\€’L> —c(n,a,4). (54)

Assuming that y k% and A are large, we can use the results of

our analysis of the ultraviolet divergences in Sec. II C to
obtain the expansion of Ac:

S kyp\ 1
Ac = n+1 _gn+l
¢ n+1 (a) 7 k A
12

() |y ki -l _ -1
2n—1 k

S w1 (kv "N
el () -

+

(55)

where the power-law functions are replaced by logarithms.
For the sake of brevity, we will not give results for these
special cases explicitly here. Using these expressions the
regularized one-loop result can now be written as

MMWM—M®P+%mmMm

r"! .
+Hfa@), (A2 (k)7
7/2n—l 5 i
+ f1y2(@) 3 (83 (0))
n—1
+ file) ) ] (A%(k))ﬂ (56)
where
Antl J2n-1
Creg = Jiy [c(n,a, A) = f-i(a) PR 1/2(0‘)2”—_]
ﬂn—l
_fl(a)n_1+"':| (57)

This result is almost exactly equivalent to that obtained in
EFT, corresponding to the addition of the counterterms

ClkZPL(k> —+ C2k4 + C3k4PL(k) (58)
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where we have, additionally, that

2 },n+l
o) = () (@) T
4-n 2n=1
¢y = (27%)53f15() 1
o4 yn—l
&5 = (a1 (@) T (59)

where y = ky;/k., a positive constant which may also
depend also on n and a. We note that these coefficients
are predicted to be related as they are because we have used a
“UVinspired” strategy like that of [15,21]. If we used instead
a symmetry-based approach, the coefficients would not be
related as given, but would instead be free parameters.

Usually only the first two terms in Eq. (58) are included,
as they represent the leading corrections (the first term for
n < 2 and the second for n > 2). As we have discussed,
this is sufficient here also other than when @ = a,. In this
case we have ¢; =0, which makes the third term the
leading EFT correction for n < 0. Correspondingly the
expression for c,,, is just the unregularized result c., (7, @)
for n < —1, and then regularized appropriately for n > —1,
except again for a, where the unregularized result remains
valid up to n = 1/2.

The ultraviolet regularized one loop result for the family
of generalized scale-free models thus gives a very specific
prediction that can be used in principle to test this
regularization framework: the sign of the correction to
the raw (unregularized) one loop result should depend on a
as given by f_;(a), and in particular at @ = a, it vanishes
so that, in this case, the raw (unregularized) one-loop result
gives a well-defined finite prediction up to n = 1/2. A suite
of simulations for n around —1 like those reported above for
the case n = —2, but extending to smaller @, would allow us
to probe this regime. Two or higher loop corrections could
also potentially be probed. At two loops SPT corrections
diverge (in the “double hard” limit, see [18]) for n > —2.
The coefficients of these divergences will generically be
a-dependent, but we do not expect that their coefficients
will vanish at @ = .. The regularization of these diver-
gences in EFT will lead again to additional terms with
predicted functional dependences on AZ.

Simulating small values of « is however more challeng-

ing numerically. This is true because we have ky; « a3+,
and therefore the ratio of the final to the initial scale factors
of a simulation is given by

ar _ (WL(“:’))BZ%‘ (60)

a; kyi(ay)

In order to make use of self-similarity in order to establish
accurately converged values of the PS, we need the factor
kyp(a;)
kNL(“/)
and a = 0.16 the exponent is three times larger than it was

to be reasonably large (at least a decade). Forn = —1

for the smallest value @ we reported above for n = —2.
This means that, for a given % the nonlinear structures

formed will become relatively much denser as n increases
and/or a decreases. This can in principle be remedied by
using a sufficiently large gravitational smoothing ¢, but in
this case one must control carefully that its effects do not
propagate to the intermediate (weakly nonlinear) scales we
are interested in for comparison with perturbation theory.

V. DISCUSSION AND CONCLUSIONS

We have studied the PS calculated at one loop in standard
Eulerian perturbation theory for the family of generalized
scale-free cosmologies, characterized by initial Gaussian
fluctuations with a pure power law PS and an EdS
expansion driven by clustering pressureless matter as well
as a smooth pressureless component. We have thus gen-
eralized existing analytic results for the standard EdS case
[39,40] to this one-parameter family, with the correspond-
ing analytic expressions now becoming functions not just
of the power law exponent n but also of the logarithmic
growth rate @ in the model. While in the standard case
a = 1, the parameter a can vary in the range 0 < a < o0,
with the lower limit corresponding to an infinite Hubble
rate and the upper limit to a static universe.

While these models are idealized and very different from
typical standard cosmological models, they provide a
simple framework in which to test cosmological perturba-
tion theory. Specifically they are evidently designed to
probe the cosmology dependence, and indeed we have seen
here that, by exploiting self-similarity, it is possible with
even quite small N-body simulations to test and validate its
predictions to a high degree of accuracy. To our knowledge,
this is the first time that the predictions of perturbation
theory for dependence on the growth rate of fluctuations
have been tested numerically.

Further we have argued that these models are an
interesting tool to probe the regularization of PT, and
specifically the EFT approach to this problem. This is the
case because the associated divergences, and thus their
regularization, have nontrivial dependences on the param-
eter a. In particular this leads to the vanishing of the leading
correction in EFT at a specific value of a. As we have
discussed the regime of n and small a of relevance to test
these predictions poses some numerical challenges beyond
that which was needed for the simulations we have reported
here. This is the subject of ongoing study.
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