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Long-range attractive fifth forces can lead to exponential instabilities in the early Universe. For fermions
with a Yukawa coupling to a sufficiently light scalar mediator, rapid oscillations of the scalar field can lead
to a conservative force law with fractional behavior on sufficiently large scales. We study cosmological
systems evolving under a Newtonian potential and this fractional potential using high-resolution N-body
simulations. If compared at sizes approaching an effective scalar Compton length, we find that halos that
form under the fractional potential are much more dense than those that form under the Newtonian
potential. However, we also find that at this point the scalar field may develop large fluctuations and be
nonperturbative, which will modify subsequent clustering and collapse.
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I. INTRODUCTION

Instabilities from long-range forces are well known in
astrophysics, from the Jeans instability in self-gravitating
systems [1] to various electromagnetic instabilities in
plasmas [2]. In cosmology, the observed clustering of
matter, primarily composed of the unknown cold dark
matter (CDM), arises due to the partial suppression of the
gravitational instability by cosmic expansion [3] and is a
key piece of evidence for the ACDM model [4]. An
important question is to what extent this dark matter can
interact nongravitationally, such as scattering with
baryons [5,6], couplings to dark energy [7-9], or through
self-interactions [10,11]. If such interactions are short
range, collisional behavior can manifest as friction or
heating if frequent [12—14] or as rare pairwise scatterings,
which nonetheless can lead to dramatic effects like core
collapse [15,16]. On the other hand, if they are long range,
then the interacting dark matter may behave more like a
collisionless gravitational [17,18] or plasma [19-22] sys-
tem with particles interacting collectively with a mean field.

Attractive long-range forces can significantly accelerate
structure formation leading to nonlinear fluctuations—
halos—even in the radiation era [23]. A simple way to
realize this is with Yukawa couplings between a scalar
field (the force mediator) and fermion particles (the dark
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matter) [24]. Such couplings occur in the standard model
and are also well motivated by asymmetric dark matter
models [25], with a concrete model related to early halo
formation being given in [26]. The formation of such halos
in an otherwise nearly homogeneous early Universe can
have numerous consequences including baryogenesis [27],
gravitational waves [28,29], and magnetogenesis [30].
Even if the fermions are not all the dark matter today,
they may have played an important role in producing the
CDM either by heating the plasma to reintroduce freeze-out
at lower redshifts [31] or collapsing into primordial black
holes (PBHs) [24,26,32]. Since PBHs can form much later
in this scenario than the standard one, some constraints do
not apply [33] allowing such PBHs to impact supermassive
black hole formation [34] or explain the y-ray excess in the
Galactic Center [35,36].

If the scalar field is massless, the force is effectively the
same as the gravitational one on subhorizon scales; how-
ever, the fermions periodically become relativistic as they
propagate through the scalar medium [37] (see also [38] for
more general contexts). This situation can be avoided if a
scalar mass is introduced, at the cost of having a finite range
for the interaction [39]. That is, halos that are larger than the
scalar Compton wavelength will not form from this force.
Curiously, however, Ref. [39] found that if the scalar
potential is dominated by a quartic self-interaction, the
potential is only partially screened as the effective scalar
mass periodically oscillates to zero. If the frequency is fast
compared to the fermion dynamics, then the oscillation-
average force is stable in comoving coordinates and
long range.

The formation of halos under such a screened force
was demonstrated using N-body simulations in [39].

Published by the American Physical Society


https://orcid.org/0000-0001-6039-9058
https://ror.org/022hvg611
https://crossmark.crossref.org/dialog/?doi=10.1103/k2wg-kwt7&domain=pdf&date_stamp=2026-10-26
https://doi.org/10.1103/k2wg-kwt7
https://doi.org/10.1103/k2wg-kwt7
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

DEREK INMAN

PHYS. REV. D 114, 083539 (2026)

However, because the simulations evolved the oscillating
system they were by necessity very low resolution and the
nonlinear regime could not be fully studied. The goal of the
present work is to implement the oscillation-averaged force
law into high-resolution simulations and to determine the
extent that early Universe structure is sensitive to different
attractive force laws. Section II provides an overview of the
long-range forces considered in this paper and also serves
as a brief review of Ref. [39] such that the present paper is
self-contained. Section III describes our implementation of
these forces using a high-resolution P*M force calculation
and presents a comparison of the density statistics of fields
evolved under the oscillation-averaged potential to a more
standard 1/r potential. Finally, Sec. IV discusses how the
fractional force law begins to break down once the scalar
field becomes sufficiently nonlinear.

II. LINEAR POTENTIALS

In this section, we show how the combination of higher-
order, scalar field self-interactions with scalar-fermion
Yukawa interactions can lead to long-range forces with
fractional force laws. Throughout this section, we will
assume that both the scalar and fermions can be linearized.
The cosmological case with quartic self-interactions (cor-
responding to m = 2 below) was originally pointed out in
Ref. [39] and the reader is referred there for a more
thorough discussion, noting that the notation has been
simplified here to reflect the oscillation-averaged limit.

A. Force classification

Before discussing specific models, we provide in this
section some basic definitions and discussion on long-
range and fractional forces. Specifically, we will consider

> —
conservative forces, F o« —V®, where the potential @
satisfies a linear elliptic equation,

V'o=(V2-g)o =5, (1)

where ) is a linear operator containing a Laplacian and a
Debye-like screening parameter £, while S is a source term,
both of which can be time dependent. When & = 0, this
|

1 1 1
Qe = A 9k < Qe = <1F z{

where m > 2 is an integer and £ is explicitly constant. For
r< E we have Q, R G,, whereas for r >>;Z we obtain
Q,/z & —1/r2m=1)/2m=2) " \We compare the Newtonian,
Yukawa, and Q in Fig. 1 where we find that the latter
lies between G and ). We note that we have selected
different £ for each m based on Eq. (13) in the next section.

dm—4'2 4

corresponds to the Newtonian or attractive Coulomb
operator G, which has the Green’s function G,

1 1

where subscript k and r indicate representations in Fourier
space and real space, respectively. For £ > 0, we instead
have the Yukawa interaction with Green’s function ),

1 _expl-r/)

yk§ = —m < yr/f = dar (3)

The Yukawa Green’s function can be related to the
Newtonian one via )V = Ay:G; with

1
Ay = W (4)

From a thermodynamics perspective (i.e., infinite par-
ticles at fixed density), forces are classified as long range if
their potentials decay slower than —1/7> as subsystems are
then nonadditive [40]. In this work, we are more concerned
with the formation of quasistationary states—in cosmol-
ogy, halos—for which a more restrictive definition exists
based on dynamics in the mean-field limit (i.e., infinite
particles at fixed volume). Specifically, only a potential that
decays slower than —1/7? is guaranteed to allow for halos
that virialize, but do not reach thermal equilibrium in finite
time [41]. For either definition, the Newtonian interaction is
an example of a long-range force, whereas the Yukawa
interaction is short range. On the other hand, if £ is much
larger than the scale of the system (or a causal horizon), it is
still reasonable to refer to such a force qualitatively as long
range [40]. Collective effects become dominant over
individual scatterings when the number of particles per
Debye volume (~&?) is large, which is called the collision-
less limit [19,40].

The operators o' modeling the scalar force that we will
consider in the next section have Green’s functions Q that
are well approximated by

2 I[z=t]y {Zm—l 33 2D
} sk 5057z |9 (5)
272748

VAT &

The fastest this potential can decay is as —1/7>/? when
m =2 and so it is also long range by either definition.
However, this does not mean it is equivalent to other long-
range forces. The Newtonian interaction is particularly
special as it is independent of scale and so the shell theorem
holds [42]. The potential in Eq. (5) falls off faster than the
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FIG. 1. Scale dependence of the Newtonian interaction (G), the

Yukawa interaction ()), and various fractional interactions (Q).
The values of &/£ are chosen for each m to match the fifth force
arising in scalar-fermion systems.

Newtonian potential, and so the relative effect of nearby
particles will be larger. Numerical simulations of a —1/73/2
potential have shown that this leads to faster relaxation than
the Newtonian interaction for a finite number of particles
([43], see also [44]).

This potential can also be thought of as fractional as the
long-range behavior involves fractional powers of the
Laplacian, i.e.,

o { —(-V2)mSE == large scales (©)

—(=V?) small scales.
For a mathematical review on fractional Laplacians, we
refer the reader to [45], whereas a cosmology oriented
discussion can be found in Appendix A of [46]. We note
that, in general, the real and Fourier representations of
the Green’s function need not coincide for fractional
Laplacians, but they do for infinite and periodic boundary
conditions [45,47].

B. Fractional Yukawa forces

Fractional force laws approximately of the form in
Eq. (5) arise in nonexpanding spacetimes as the effective
force law mediated by a scalar field ¢, with both a
monomial self-interaction of strength 4 and a Yukawa
interaction with fermions y of strength vy,

l m
Vet = %4,2 + yon,,, (7)

where n, is the fermion particle density. The scalar
equation of motion is then given by the Klein-Gordon
equation,

‘7 aVeff o
¢—Vip+ op 0 (8)

with 0Veg/0p = Ap*™~" + yn,. The case with m =1
corresponds to the standard Yukawa equation under which
the fermions interact via the potential given by Eq. (3),
while m = 2 is the cosmological case discussed in Ref. [39]
and in Sec. I C.

To show that this leads to fractional behavior, let us
now assume that the scalar field and fermions have a
meaningful background about which they can be expanded,
¢ = ¢o(t) + ¢y (2,X) and n,, = a(1 + 6,,(¢,X)). The mean
fermion density 7 is constant due to particle number
conservation. On the other hand, the mean scalar field
evolves according to

bo + 2" + vy = 0, (9)

which can be constant, if V is minimized, but can also
change with time.

We can simplify this equation by using dimension-
less variables, ¢y(1) = ¢pro(0) with ¢ = (yia/2)"/ =1
and 0 = wyt where the generalized Compton frequency
is @} = (A(yn)™=2)"/@m=1_ leading to the scale-free
equation

d2
—A+Rri1=0, (10)

When the scalar field is small, vy~ ~ 0, the Yukawa
interactions dominate the self-interactions leading to
vy ~ —6?/2. When the self-interactions dominate, v, < 0,
they instead provide a restoring force and return the scalar
field to the origin. We show this result for various monomial
powers in Fig. 2.
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—0%/2
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FIG.2. Background evolution of a scalar field for various scalar
self-interactions o ¢*”. When the scalar field is large (v, < 0) its
potential is dominated by self-interactions ( v%’”), whereas when
itis small (v ~ 0) it is dominated by the Yukawa interactions and
the scalar field behaves parabolically v, ~ —6%/2.
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The dynamical evolution of the perturbed scalar field is
given by an inhomogeneous nonlinear wave equation,
which is, in general, very difficult to solve but reduces
in the nonrelativistic limit to the Poisson-like equation,

(V2 = M3)¢p, = yns,., (11)

where My, = (o + 1)~ — 5" ~") /1 is the effective
mass of the scalar field. If we now furthermore assume
that the scalar field can be treated perturbatively, then
My = Ve /0> = A(2m — V)" by = 7205 by
with £ = (v2m — lwy)~" being a generalized Compton
length scale. Under these two approximations, the scalar
equation becomes Eq. (1) with /¢ = 1/]y,|"".

As pointed out in Ref. [39] for the quartic potential,
vy — 0 periodically, and so it is clear that the Yukawa
potential V. is at least occasionally long range for m > 2.
Furthermore, the timescale of these oscillations is ngl
which can be very small for systems with sufficiently high
. In this case, the oscillations may be significantly faster
than the fermion dynamics and we can perform an
oscillation average of ). which we define as ng =

(Vie) = (Are) Gy with

1 [P 1
(Age) _FA Wéﬂ (12)

where P is the period of oscillations. For m = 1 this is
simply the constant Yukawa interaction, (A:) = Ay,. For
m > 2 the oscillation average can be computed numeri-
cally; however, we can extract the long-range behavior,
k¢ <« 1, analytically by noting that in this regime only v ~
—6%/2 ~ 0 contributes significantly to the integral

1 [+3] 1
<Ak§>kf<<] ~ P/)’ 1 + (—92/2)2m_2/(kf)2 do

2V2 _[4m 5] _[4m -3 L
= [4111 - 4} g [4m - 4] (k)=

= (kB (13)

Reference [39] found that (A;;) ~ A}(? is a very good
approximation for m = 2 even with an approximate rela-
tion for £/7. We generalize this result to higher m in
Eq. (5): (Ake) zA,lcéMm_“) with & related to ¢ based on
Eq. (13). We demonstrate the accuracy of the approxima-
tion for a variety of m in Fig. 3, finding that the maximum
deviation is around ~2%. We further note that Ref. [39]
found an exact solution to Eq. (10) with m = 2 in terms of
elliptic Jacobi equations which yields for the period P =
(4/7/2'/0)('[7/6]/T[2/3]) and so &~ £/1.89735.
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FIG. 3. Ratio of approximate potential Q in Eq. (5) to the
numerical evaluation of Eq. (12). The top panel shows the Fourier
space calculation, whereas the lower panel shows the correspond-
ing real-space calculation. For large m, the real-space curves are
truncated due to numerical oscillations when evaluating | F, with
large arguments.

C. Validity for dark matter

In an expanding Universe, where background and
perturbations can be properly modeled, the Klein-
Gordon equation additionally depends on the scale factor a,

dVeff _

o 0, (14)

/
¢// +2£¢/_v2¢_’_a2
a
where primes denote derivatives with respect to conformal
time # defined by adn = dt. Following Ref. [39], we can
simplify this substantially via the transformation ¢ =
(a;j/a)e after which we obtain

a’ aS azm—l
(/)” — ;(p - V2(p ‘l‘a— <1W§02m_1 + yn,,,) =0. (15)

In the radiation-dominated Universe, we have that a =
H;a?n and so a”/a = 0. If we furthermore assume non-
relativistic fermions n,, = n;a}/a*(1 + 68,), we see that if
m = 2 then Eq. (15) is equivalent to Eq. (8) with the
associations 1 — 5, A = Aa?, and yii — yn;a?. Using the
same steps as before to get to Eq. (10), we have then that
¢ = a;p = (yn;a;/2)"3 and Wy, = (Ayniai)?)'7? from
which we see that w? is sourced by the comoving fermion
number density n;a; = const. The corresponding cosmo-
logical Compton length scale #, which we now associate
with @’ = (3¢)72, is therefore constant in comoving
coordinates.
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Now let us consider the dynamics of the fermions in this
same epoch, again following Ref. [39]. At the background
level, the fermions have an effective mass mey = my, + ygy
which decays to m,, provided yp/m,, < 1 and so the effect
can be neglected. The linear equations of motion are then
given by

2
2 sl / s k s
4 74 4k2 _|_M$’ 4 4 74

where

2

M myn; a
2

ml[l Pi 4

s =12y =52 (17)
a;

and p; is the background radiation density with p;, =

3H;M}, and M} = (8zG)~'. The growing solution for

the fermion density contrast is then

o) M% .ay)

where we can take s, — 0 with nonzero A,.

The density contrast on scales k& > 1 begins to grow
significantly after s = s;n/n; = 1, suggesting the appropri-
ate fermion timescale is a),,‘,l =1n;/s;. As discussed in
Ref. [39], the oscillation-average procedure should be
appropriate when the typical scalar oscillation timescale

1s much smaller

-1 2

0 1 y myn; H;

—‘”:12( )( )(*" ’><<1. (19)
a)l,_,1 Al/6y1/3 mi/Mf)l Di n}/3

The first term in the parentheses corresponds to the mean-
field limit, which should be valid provided there are a large
number of particles within a characteristic volume,

1
na3(V3¢) = > 1, (20)
y

or, in other words, we need fairly small couplings. The
second term corresponds to the relative strength of the fifth
force to gravity. Like other forces, we expect that the scalar
force is stronger than gravity, implying

12 y>m,/M,. (21)

So far, the requirements of Eqgs. (20) and (21) oppose
Eq. (19). However, the third term in Eq. (19) can be very
small. For instance, if the fermions are stable and make
up all the dark matter, then m,n;/p;~a;/a, and

(ai/aeq)(Hi/n;/3) ~107%(m,,/GeV)!/3. Note that this
quantity is independent of the arbitrary parameter a; and

so Eq. (19) is either always satisfied or never satisfied in the
radiation era.

The next section describes numerical simulations in the
limit set by Eq. (19). While this allows us to model
nonlinear density fields, it remains in the same simplified
system discussed here and in Ref. [39]: in a radiation-
dominated Universe with relevant scales being subhorizon
and appropriate thermodynamic considerations satisfied
(see also [37]); with gravitational accelerations that are
negligible]; using growing-mode Gaussian initial condi-
tions rather than a consistent inflationary treatment (one
such example being [26]) and assuming negligible quantum
corrections to the quartic potential (see, e.g., [48,49] for
discussions in other contexts.)

III. QUASILINEAR SIMULATIONS

The cosmic fermion density field becomes nonlinear
exponentially fast, and so studying its dynamics requires
nonlinear modeling. Initially, however, the scalar field
fluctuations remain small and can be modeled by the linear
Poisson-like equations sourced by the nonlinear fermion
density. Reference [39] previously solved this system using
N-body simulations that had very short time steps in order
to resolve the scalar oscillations controlling the effective
fermion mass m.g and the effective force length scale .
Unfortunately, these requirements necessitated a very low-
force resolution (a particle mesh calculation), even for
parameters that only mildly satisfied the oscillation-average
approximation and which are far away from cosmologically
relevant values. The high level of force softening further
made it difficult to study the nonlinear density field deep
inside halos. Our goal in this section then is to replace this
calculation with one assuming the oscillation-average
procedure, and then use a higher-resolution force calcu-
lation. For the fractional force, we make use of Eq. (5) with
m = 2 throughout.

We have also implemented simulations using the
Newtonian potential, which corresponds to simply replac-
ing Q with G in the subsequent equations. On physical
considerations, a truly massless scalar field leads to
relativistic fermions [37]; however, we could consider it
to represent the quadratic case in [39] where am%1 is simply

large compared to the simulation volume so that V= G.
Similarly, we could consider this as the dynamics of the
m > 2 potential on wave numbers much larger than &' as
again Q ~ G. To be explicit, these simulations are to model
Yukawa-type interactions and not the gravitational accel-
erations, which are always neglected.

'"The omitted gravitational term is (3/2)(a/a;)(myn;/p;)5,
on the right-hand side of Eq. (16). Requiring this to be much
smaller than (s/4)(A:)8, and assuming Eq. (21) then requires

kE> 1/(\/§yMp1/mv,)4.
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A. Equations of motion

Our first goal is to find the correct oscillation-averaged
equations of motion. The general form of Hamilton’s
equations is given by [39]

d p dp

.
- B T T v ’ 22
i am o~ Ve (22)

where X is the comoving particle coordinate and p = mqy0
is the conjugate momentum. We now assume that all
nonoscillating quantities (X, p, s, d,,) are constant over a
period of scalar oscillations, Ay = P/w,. Based on the
arguments and calculations in Ref. [39], we furthermore
assume that meg decays rapidly to m, and that its
oscillations can also be neglected. Taking the oscillation
average of the equations of motion then leads to

X An) - % 1 +Ar p
X(n + An) X(n):_/" "D gy (23)
An An J, am,,

(24)

(25)

When Ag is small, the first equation is simply a definition
of the derivative. The second, however, defines the oscil-
lation-averaged acceleration if we assume that the particle
trajectory over a period is effectively constant, X(1') ~ X.
Assuming Ay is sufficiently small, we therefore replace
Hamilton’s equations with

dx dv

— =7 —=-Vo, 26
dr v dr (26)
where adr = dn > An is the superconformal time [50]
and @ is the oscillation average of a(a;y/my)p; =

(v/m,)a*¢, satisfying the fractional equation

(Hia) Q7@ = 15, @7)
In practice, we can also compute additional corrections to
these equations that are also linear in the potential ®. We
provide these in Appendix A and show that the non-
decaying term is suppressed by Eq. (19).

To solve these equations numerically, we use
dimensionless simulation units and a drift-kick-drift leap-
frog algorithm as in Ref. [39]. We also use compa-
rable time step criteria, keeping dt = dlogs <0.01,
dt <log[l +0.25/s] — ds < 0.25,  dt < ry;y/ max[v,],

and dt < ,/0.04r,,,/ max[a,]. Crucially, we no longer
need to limit the time step based on the oscillating scalar
field as we are now using oscillation-averaged equations.

B. P>M force calculation

When computing forces with high resolution, it is
common to split the calculation into long- and short-range
components that are evaluated using different techniques.
Here, we use a particle-particle particle-mesh (P*M) force
calculation where we evaluate the long-range force spectrally
(Q - ng) and the short-range force directly (Q — Q, /g).

To compute the P3M force, we need to first split the force
into the PM and PP portions, as well as provide a softening
scheme for the latter. In general, these are fairly standard
procedures used in large-scale structure for gravitational
forces [51-53] and our goal here is to adapt them to the
scale-dependent scalar force.

1. PM force

To obtain the grid-based PM acceleration, we first
compute the density field &, by interpolating the N-body
particles to a cubical grid using the cloud-in-cell (CIC)
interpolation scheme. The density field is then Fourier
transformed and multiplied with the long-range part of the
Green’s function, which we define via a Gaussian splitting
kernel, O,z = exp[—(kr,)?]Qyz. Even for gravitational
forces, there are several ways of implementing the
Fourier space kernel [54]. We opt for a modified version
of kernel (iv) in [54] (and related to that of [55]),

— ~ P
VO kaQkEWazc, (28)

where W c is the CIC convolution kernel, 5k corresponds
to the finite-difference gradient operator in Fourier space
and we have replaced the gravitational kernel with Q,z. The
field is then transformed back into Fourier space, multiplied
by s/4 to yield the acceleration, and then reinterpolated
back to the particle position using the same CIC scheme in
order to conserve momentum.

2. PP force

We next consider the pairwise PP force between
particles that are a distance r apart. In Fourier space, the
short-range part of the Green’s function is simply
(1 —exp [—(kry)*])Qyz. but in real space there is a non-
trivial convolution of Q, z. To simplify the calculation, we
can set the splitting scale to be substantially less than
the Compton length, r, < & such that Q ~ G. The con-
volution with the Newtonian potential is exact and
leads to a multiplicative factor in real space as well,

G, = erfc[r/(2ry)]G, [53]. When computing the short-
range scalar force, we assume this same multiplica-
tive factor can be used as well; however, because the
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convolution is no longer exact, it is ambiguous in real space
whether the approximation G — Q should be made for the
potential kernel or the acceleration kernel. We opt for the
latter, and, as we are assuming r < &, we Taylor expand
the acceleration Green’s function

1 [r\?
2 ~

4 T[] /r\3 5 [r\*
LTS
9\/7_7:1“[4—1} I3 256 \&
such that the pairwise acceleration between two particles is
given by

7 s (H,-a%)2

_ 20 St el VA
47rr3( A Q’/§<<1)4 n;

(ol e[ )] e

For softening, we assume the particles are a uniform sphere
such that the force law is further transformed below a scale
T ‘min [56],

1 1 r r\?3
— > —— (8 =-9—+ 2 — . 31
AP - 47trr3]nin < F'min * <rmin> > (31)

In practice, we tabulate |dpp|/r and then later interpolate to
find the acceleration. As such, in the future we could
remove some of the approximations we have made, e.g., by
numerically performing the convolution with a Gaussian or
by using the numerical evaluation of Eq. (12). Our
numerical implementation of the calculation follows the
description in Ref. [52], utilizing a linked list and looping
over grid cells without repeating symmetric calculations to
optimize speed.

dpp = —

3. Accuracy

So far, we have focused on the overall procedure; here
we describe our specific implementation and accuracy tests.
We first specify the characteristic fifth force length scale in
grid cells via £/L = n,y/n, where L is the simulation
volume and n. is the number of grid cells in the PM
computation. Based on the tests in Ref. [39] we choose
ny, =12 and use grids of size n. = 768. For the force
splitting, we use a value of r; = 1.15 and compute the PP
force in a cubic volume up to four grid cells away. For the
softening length, we use r;, = 0.15, approximately a tenth
of the interparticle distance. To quantify accuracy we use a
similar force test as in Ref. [39]: we set one massive particle
at a random location, and then compute the acceleration of
999 other massless particles with different » and oriented
randomly. We then repeat this process 1000 times in order
to obtain variances. We show the result of this calculation in
Fig. 4. We find the maximum variance occurs around the

] — o
. 1.0 ¢
/'\ — I'min
|08
I
i
~— 0.61
10
T
;I; 0.41
0.2
&= 0.0
3= 25
X 00
S —-2.5
-

1072 101 100 10!
rit

FIG. 4. Top: P3M force calculation for an inverse square law
(green) and the oscillation-averaged scalar force (blue). Solid
lines show the mean of 1000 repetitions, while shaded regions
show the 1o standard deviation. The vertical gray line shows the
softening length, while the shaded gray region indicates where
the grid geometry affects whether the PP force is calculated.
Bottom: shaded regions show the standard deviation without the
mean. The solid curves show the fluctuation between the mean
force and the approximate force based on Eq. (5) (purple) and an
exact oscillation-averaged force calculation (black). Both theo-
retical and numerical errors are around ~1% (shown as dotted
horizontal lines).

force splitting scale and is typically no more than ~1%. The
largest errors correspond to the region between 4 and 5v/3
grid cells, which is where particles may or may not have a
PP force depending on their orientation with respect to the
grid. In the bottom panel, we show the relative error
between our numerical calculation of the force and the
forces corresponding to the approximate Eq. (5) (i.e.,
x 0Q,/z/0r) and the exact Eq. (12) (i.e., & (9Y,¢/0r)),
finding that they have comparable percent-level errors.

In addition, a particle’s location relative to the grid can
induce force artifacts that can build up over time. A
common way to reduce such errors is to uniformly shift
particle positions so that they do not repeatedly have the
same force error [52,55]. We therefore add a random shift
up to five grid cells per dimension to the particle positions
at the beginning of each time step and subtract the same
random offset at the end of the time step.

C. Initial conditions

We assume that fluctuations are initially Gaussian with a
power-law initial spectrum

kO 2(no=1)
A= (k—) &)y, (32)

where subscript V indicates a volume average (rather than
a periodic average). We set the initial variance as

(8%), = 1076, the pivot scale to be ko2 = 4/AY* with

083539-7



DEREK INMAN

PHYS. REV. D 114, 083539 (2026)

A, = 200, and the spectral index as ny = 1 (flat, similar to
Ref. [39]) or ng =2 (blue tilted). Simulations are not
started at s = 0, but rather at some later time s; = 1072, For
a physical model, we should set s; based on Eq. (17), but in
practice, we treat it as a free parameter and choose
s; = 1072, A similar consideration holds for k, when
ng # 1, although in this case it concerns where A(Z) ~1
relative to 71,

For our comparison simulation using G, the ny, = 1 case
cannot be simulated correctly as the largest scales will be
dominated by the periodic boundary conditions. As an
alternative, we add additional scale dependence in the
initial conditions such that the linear Ag, at a given final
scale factor s, is equivalent to that of the Q simulation.
To do this, we introduce an inverse transfer function

Iy(\/—Kk*Quzs7)/Io(s;) and can make use of the

approximation I, (x>>1)~exp[x](1/v2zx+1/8/V2xx> +
9/128/v2zx>). We therefore have three initial power
spectra for four simulations.

We now need to express J,,(s;) in terms of particles,
which is typically done through the use of the Zel’dovich

approximation ? P = dy,, With P being the displacement
field [57]. Here we find a conceptual difference between
simulations in the matter era and the radiation era. In a
matter era, the growth rate is « a and so it is sensible to
assume that there are no initial particle displacements, or
09 — 0as a — 0. However, in a radiation era, this is not the
case, as d, remains finite as s; — 0. In other words, there is

a nonzero primordial displacement V. ‘f’o =,(sp) and

whether to move the particles by Por ¥ — ‘f’o is unclear.

We consider this ambiguity in more detail in
Appendix B. In practice, we do not find much difference
based on how we initialize particles, and so we have opted
to use a standard approach using ¥ [see Eq. (B1)],
primarily because it allows us to straightforwardly have
fewer particles than grid cells. Specifically, we use a body-
centered cubic lattice with N, =2x (n./2)* total
particles [58,59]. For reference, we show the initial power
spectra at s; in Fig. 5.

D. Correlation function

For studying the density field, we make use of the real-
space two-point correlation function Z(r) 2 Commonly, this
calculation can be done either by Fourier transforming the
power spectrum [60]

=(r.s) = / " a2k s)jolkr) & (33)

*We use capital Z(r) rather than the more common £(r) to
avoid confusion with the length scale &.
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FIG.5. Initial power spectra at s; = 10~2. While the two n, = 2
simulations have the same initial power spectrum, the ny =1
simulations are different at s; but have the same linear power at a
later redshift.

or in a pairwise manner between particles or galaxies [61].
Here, we instead compute it based off density fields using
the grid-based method described in [62]: given an initial
density grid, we compute correlations between cells a

distance of /1, v/2, and /3 cells apart; then we reduce
to a smaller grid by a factor of 2 or 3 via averaging; we
repeat this process until the reduced grid size is just
one cell.

So far, we have not specified how to obtain the density
grid because the best choice of particle interpolation
schemes is not obvious. One option is to use the CIC
interpolation scheme, which we also used in the PM force
calculation. However, this scheme leads to an autocorre-
lation for individual particles, which is somewhat undesir-
able. Furthermore, reducing a grid by averaging is not
equivalent to interpolating directly to the smaller grid size.
The simpler nearest-grid-point (NGP) method has neither
of these issues, but has a less smooth density field with
potentially larger interpolation artifacts.

We provide some detailed tests of the particle interpo-
lation scheme in Appendix C 1. In general, we have opted
to use the NGP scheme for particle interpolation based on
the considerations above, but have confirmed that the
choice does not affect our results significantly. In order
to probe down to the softening scale, we use a grid size a
factor of 4 larger than in the P*M calculation (e.g., 3072
grid cells per dimension). Further convergence tests of our
results with respect to simulation parameters are provided
in Appendix C 2.

One exception to the above is during the initial linear
evolution. Here, the CIC scheme reproduces the smooth
density field well (with Poisson noise being canceled by the
lattice initialization), while NGP has large interpolation
errors when assigned to the grid. We therefore use the same
size grid as the PM force, the CIC interpolation scheme,
and have also shifted particles to a cell vertex by subtracting
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FIG. 6. Two-point correlation function of the initial conditions.
Crosses and dots indicate the positive and negative values of the
correlation function measured from initial particle configuration.
Solid and dashed lines correspond to theoretical predictions at s;.

0.5 cells from each position. We show the correlation
functions of the initial conditions described above in Fig. 6.
To compare our numerical calculation with linear theory,
we have done slightly different calculations for each
simulation. In all cases, since the power spectrum at s;
is very similar to s¢, we simply show the E(r) at s, curves
as these can be integrated more straightforwardly for
power-law initial conditions. The most difficult calculation
is the flat initial conditions (ny = 1, Q) as power from all
scales contributes equally. We therefore use Eq. (33) with
Aj set to 0 outside ki, = 27/L and k., = 7n./L where
L = ¢n,/n,. For the scale-dependent ny = 1 case with G,
we instead perform the calculation numerically using
hankl [60] with k;, reduced and k,,, increased by a
factor of 10 to reduce ringing. Finally, for the ny = 2 cases
we use E(r) = (&5)v/(ko?)*(5) 7.

In general, we find good agreement between the grid-
based calculation and the analytic estimates based on power
spectra, except at very large scales. Matching such scales in
real space precisely is nontrivial (see [63]) and it could be
beneficial to reexamine our somewhat standard setup in
future calculations.

E. Simulation results

In this section, we present our results comparing halo
formation under the fractional Q potential to that of the
Newtonian potential G. In general, it is not obvious how to
best make this comparison. For instance, if we run
simulations with the same initial conditions for the same
amount of time, then the halos that form under G will be
substantially bigger than under Q. We therefore instead opt
to compare the simulations at the same characteristic halo
size. We define this as in Ref. [39], occurring when the
linear matter power spectrum is unity, A%(s, k) = 1, and
relating to the typical halo mass by

TABLE 1. Evolution of halo radius as a function of scale factor
for each of our four simulations. When initial conditions are
matched, we use the blue-tilted power spectrum for both Q and G
force laws. When final conditions are matched, we use a flat power
spectrum for @ and a scale-dependent power spectrum for Q.

Simulations
Matched s, Matched s,

ngy 2 1

Scale factor s
Ry /¢ Q g Q g
1/8 87.2 66.7 103.7 1134
2/8 136.2 79.3 136.2 148.3
3/8 180.3 87.1 164.0 171.6
4/8 220.6 92.9 188.3 188.3

4 4
My, = gﬂ(m,/,n,-a?)Achfﬂ = gﬂ(m,/,n,»a?)k_3 (34)

nl °

where A, =200 is the mean overdensity of a halo. As
discussed in Sec. III C, we will further consider simulations
with the same initial conditions, i.e., the same 6,,(sy) for
ny =2, and those with the same linear theory final
conditions, i.e., the same &, (s ) for ny = 1. Table I shows
the scale factors corresponding to a few characteristic halo
radii for each simulation setup.

We show a visualization of the spacetime evolution for
each of the four simulations in Fig. 7. Focusing on the
ny = 2 cases, the simulation with the Newtonian potential
(top panel) resembles the more familiar large-scale struc-
ture, having filaments connecting a web of halos, even at
the final redshift. Given that this simulation is scale-free
(both in initial conditions and potential interaction), we can
expect this to continue through larger scales until an
effective Compton length ¢ is reached. The simulation
run with the fractional potential (upper middle panel)
represents such a case and we see that once scales
comparable to #~! become nonlinear the structure has
collapsed into just halos, as was noticed in Ref. [39].
Alternatively, we can interpret the G simulation not as an
early phase of the Q one, but rather as a direct comparison
of how different potentials lead to different evolution. In
this interpretation, comparing the top panel to the three
other cases indicates that it is the scale dependence—either
of the force law or the initial conditions—that determines
the structure properties.

To be more quantitative, we now consider the real-space
correlation function. We start by comparing the matched
initial conditions simulations (the top two panels of Fig. 7)
and show Z,(r) in Fig. 8 at various Ry,. We find that the
correlation function on small scales, related to typical halo
densities, is substantially larger for simulations evolved
under the Q potential. The reason for this enhancement is
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FIG. 7. Visualization of spacetime evolution of the four
simulations listed in Table I where the left edge corresponds
to the same redshift s; = 1072, the right edge corresponds to
when the typical halo radius is Ry,;/¢ = 1/2, and other locations
are equally separated in scale factor relative to the particular
simulation’s final redshift. Vertical white lines show when each
simulation has Ry, /¢ = 1/8,2/8, and 3/8 for comparison.

not entirely obvious as the typical halo size is less than the
force screening length and so the interior dynamics are
always in the regime where 9,/ < ~G. In idealized
gravity-based secondary-infall calculations, particle orbits
become time independent after relaxation, as shells of
matter spend most of their time away from the center of the
halo, and so the central mass does not build up with
accretion [64]. This result relies on self-similarity, however,
and the Q potential explicitly breaks this as large halos are

— Ry/l=1/8
—— Ry/l=2/8
—— Ru/l=3/8

Ru/l =4/8

10! 100 10"
r/l

FIG. 8. The real-space correlation function assuming matched
initial conditions. The correlation function is systematically
larger for the oscillation-averaged potential (Q) than the New-
tonian one (G). In the upper panel, negative values of the
correlation function are shown via points instead of curves.

accreting from a region of size R, = k! = RhlAér/ 3, which
is greater than £ for Ry, /¢ ~ 1.4/8. In other words, both the
time between halo mergers and the infalling halo trajecto-
ries can be different between Q and G forces.

To further test this interpretation, we can consider our
simulations with matched final conditions that have much
more similar evolution histories. Figure 9 shows the
correlation functions with matched final conditions and
indeed the densities are much more similar. Nonetheless,
there is still a residual enhancement at late times in the O
simulation indicating that simply changing the initial
conditions cannot uniformly mimic a change in the force
field. Since the differences between these two simulations
are small, it is important to consider whether they could be
numerical artifacts. We provide a number of convergence
tests in Appendix C and find that the largest source of error
appears to be in the calculation of the correlation function
itself, up to ~10%. Given that we are looking at ratios, we
expect such errors to at least partially cancel; however, to be
strict we can only conclude that the excess observed in the
bottom panel of Fig. 9 is robust for R;;# = 3/8 and larger.
Additionally, we find that the Q simulation with ny =2
may have more numerical systematics as we observe worse
convergence (a few percent, instead of subpercent) when
changing particle number than in the other cases. We show
this in more detail in Appendix C 3, where we also show the
accuracy of our calculation on resolved scales within the
halo (roughly, 10717 < r < #).

Our simulations imply that the amplitude of the corre-
lation function depends sensitively on the evolution of the
nonlinear wave number, which we show directly as a
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FIG. 9. The same as Fig. 8 except for the simulations with
matched (linear) final conditions. Halos are still systematically
more dense with the oscillation-averaged potential, but not as
substantially as when initial conditions are matched.

function of scale factor in Fig. 10. For the simulations with
matched initial conditions, we see that k, always changes
more slowly in the Q simulation, consistent with halos
being denser at all times. For the matched final conditions,
the evolution is more complicated as k) in the Q simulation
is initially changing more rapidly than in the G simulation;
although, this soon reverses. This is again consistent with
the bottom panel of Fig. 9 where the correlation function
ratio is initially reduced (albeit with the important caveat
about numerical accuracy mentioned earlier) before sub-
sequently becoming enhanced.

kil
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10? 10°
S

FIG. 10. Evolution of the nonlinear wave number k, as a
function of scale factor. Horizontal lines show the characteristic
halo sizes listed in Table I. Steeper slopes correspond to more
rapid merger histories and with more dilute halos.

Overall, we find that halos that evolve under the frac-
tional Q potential are systematically denser than those
evolved under the Newtonian force G. While it is possible
to make ad hoc changes to the initial conditions that
partially reduce this, it is only possible at a single scale
factor. By looking at larger s in Fig. 10, we expect that
halos would become relatively denser in the Q simulation if
we ran them for longer times. Furthermore, we have shown
that this increase in density correlates strongly with the rate
of change of k, and so we expect it to be qualitatively
similar for other partially screened forces.

IV. NONLINEAR SCREENING

So far, our results have all assumed that we can treat the
scalar field linearly, which is only perturbatively true for the
quartic (or higher power) potential. In fact, we can already
see that this may be an issue for the quartic self-interaction
by inspecting the oscillation-averaged potential on large
scales, Qz o« 1/(k¢)¥? which diverges. An even stricter
condition, that the oscillating potential remains small, may
be required, in which case J,, needs to decay at least as fast
as 8, o (k£)*. In our simulations this is not the case, and so
we need to assume that the fermion perturbations decrease
substantially faster on unresolved large scales or that the
scalar is otherwise regulated by relativistic effects or a small
mass term, ~(1/2)m3$?, in the potential.

While we can avoid such large-scale issues with suitable
assumptions, a more pressing concern is that the scalar field
may become dynamically nonlinear during the simulation
on resolved scales even when a)(‘p‘ / cov‘,‘ — 0. Based on
Eq. (11), we can expect that this may occur when
8, ~ (k€) ~ 1, as it is not suppressed by (k£)* nor M
when it oscillates to zero. However, this estimate assumes
that the oscillation-averaged procedure itself is valid, and
we investigate when this approximation breaks down
below. Afterward, we argue that the typical halo size after
structure formation is Ry, < £ even under different assump-
tions about the internal dynamics of the halos.

A. Oscillating fluctuations

We now use our simulations to investigate when the
quasilinear analysis breaks down, assuming that other
dissipative or otherwise nonlinear processes are inefficient
throughout. The nondimensional oscillating scalar pertur-
bation is given in Fourier space as

1 5,,,
frd -, :;fs
v 3 (k£)? + 12 (35)

<8

from which we see that the background oscillations
generate reciprocal oscillations in the perturbation: v is
largest when vy ~ 0 and smallest when 13 is largest. Of
course, the simulations are designed not to resolve the
oscillating potential; however, we can still estimate it by
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assuming that 6, is constant over a period. Under this
approximation, we compute the dimensionless v; power
spectrum Ag, as a function of the period. We focus on the
no = 2 case, as it is more consistent with a potential that is
linear on large scales. Figure 11 shows that the oscillation-
averaged scalar power spectra reaches unity around R} ~
¢ /2 (lower panel). However, the oscillating v, itself reaches

R/l =1/8
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FIG. 11. Power spectrum of the dimensionless scalar field
perturbation as a function of oscillation phase for the quartic
interaction and n, = 2 initial conditions. The black curve shows
the power spectrum of the oscillation-averaged potential, while
the gray curve shows its linear prediction. The green curve is the
oscillation average of the scalar power spectrum, which is
quadratic in ¢ and so differs from the black curve. Scalar
fluctuations around the halo become order unity when
Ry < ¢/2. For comparison, the fermion power spectrum is
shown in the black dashed curve.

order unity earlier, around Ry ~3Z/8 (second lowest
panel), indicating an earlier end of perturbative validity.
The power spectrum quantifies fluctuations on certain
scales and not necessarily typical values, i.e., the power
being small for k¥ < 1 implies a relatively constant but not
necessarily small v. To understand typical amplitudes, we
compute the scalar field mass (M ,¢)* = 1§ + v} and show
its rms value ((M 4¢3 as a function of the oscillation phase
in Fig. 12. For Ry, = £/8 the scalar mass is consistent with
just the oscillating background component which, in
combination with the small perturbations at this time
(top panel of Fig. 11), indicates the quasilinear approach
is still valid at this time. On the other hand, at Ry = £/4
there is a noticeable enhancement due to the (v7), term,
although still less than unity with correction terms scaling
like ~23. Therefore, after R,;/# = 1/8 the approximations
underlying the quasilinear simulations begin to break
down, both in the background and in the perturbations.

B. Equilibrium behavior

Without simulations evolving the nonlinear Klein-
Gordon equation for the scalar field, it is difficult to move
beyond the previous analysis quantitatively. Nonetheless,
we can consider more qualitative arguments about what
will happen to the halos under conditions where they can
equilibrate [65]. Then, energy will be equipartitioned
between the scalar binding energy and its self-interaction
energy,

— l,g
—— Rn/t=1/8
51 —— Ru/t=2/8
= —— R/l =3/8
< 41 Ru/t=4/8

0.0 0.2 04 0.6 0.8 1.0
(0 mod P)/P

FIG. 12. Scalar field mass for the quartic interaction as a
function of background oscillation phase and typical halo size,
which is monotonic with scale factor, computed from the
simulation with Q potential and n, = 2. When the homogeneous
component oscillates to zero, the perturbation contribution is
maximal, whereas the reverse is true when the homogeneous
contribution is large. Dashed curves show just (v2), and large
values relative to v} indicate a breakdown in validity of the
simulations.
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yZNﬁl

L= VR), (36)

where Ny = My, /m,, is the number of fermions in a halo of
radius Ry and we neglect factors of order unity. The
expression for the binding energy is based on analogy with
the gravitational case and so is only valid provided the
range of the force M%l is larger than the halo. For the

quartic potential, the scalar mass is My, ~ A¢? yielding

Nu \? 4 p4
(nia?bps) Nsz)Rhl’ (37)

where we also used that vy ~ 1/(n;a}£?). As the halo
continues to grow, it can reach Ny ~ n;a;¢3, implying
My ~ 1/Ry, and that the fifth force is screened at the size of
the bound object.

This behavior is essentially the chameleon mechanism in
modified gravity scenarios, where a similar interaction with
V.t(¢p) has already been used to implement density-
dependent screening [66]. Compact systems of this type
in the early Universe were studied in Ref. [67], who found
that the degeneracy pressure supported Fermi balls can
collapse into primordial black holes once they become
sufficiently large. Since our results suggest that growth
during the prior dilute phase may be less efficient in
producing Ny, > 1/4/Ay, another merger mechanism
may be necessary to form objects of sufficient size to
collapse.

V. CONCLUSION

We have run high-resolution N-body simulations of early
Universe fermion clustering under different types of
Yukawa forces. We considered two regimes—one where
we assume that the dynamics are on scales much smaller
than a generalized Compton wavelength, relevant for any
scalar field potential, and one where the dynamics are on
scales comparable to the screening length. For the former,
we evolved the fermion density field under the Poisson
equation, similar to traditional cosmological simulations
but modeling the exponential growth expected for Yukawa
forces. For the latter, we solved a fractional equation valid
when the scalar field has a linearized quartic potential and
is oscillating on fast timescales compared to the fermions.

We have two main results from the high-resolution
simulations. The first is a qualitative comparison of
structure formation of screened versus unscreened forces.
Using the fractional potential as a representative example of
a screened force law, we showed that halos evolving under
a screened force are significantly denser than those evolv-
ing under the unscreened force when compared at similar
masses near the screening scale. We identified that this is
closely associated with the rate of change of the nonlinear
scale, how fast halos are growing by mergers, and so we

expect it to be qualitatively correct for other screened
potentials too. However, this conclusion is only justified
while the linearized potential remains a good approxima-
tion. Our second result is that, for the quartic self-inter-
action, reciprocal oscillations in the perturbed scalar field
also become important when the typical halo radii approach
the background screening Compton length, at which point
the quasilinear calculation is no longer valid. If the scalar
field mass becomes large at this point, it may still limit the
size of halos to around the associated Compton length,
although showing this directly would require simulations
that evolve nonlinear equations for the scalar. However,
even if the scalar force becomes completely screened, the
initial instability still leads to correlations on scales much
larger than #~' which could then be constrained by
observations similar to the quadratic case [68,69].
Further incorporating radiative and nonlinear processes
is clearly an important target for future analyses.

This work has made use of Matplotlib [70], Scipy [71],
NumPy [72], and FFTW [73].
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APPENDIX A: EXPANSION IN a)qjl/a),;l

1. Multiscale expansion in ¢

We define ¢ = @v and substitute into (15) to obtain

ynq»)az W =V + 13+ 145, =0.
et}

(A1)

It is immediately clear that there is no free parameter to keep
the scalar field linear, and furthermore, while we expect the
Laplacian term —V?y to smooth the scalar field on small
scales, it can still be the case that |v]> ~ 5, > || 2 1.
Rather than expanding to higher orders ¢ =
@o + @1 + @> + ..., let us instead make use of the freedom
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to choose our time and space coordinates to make a
nonperturbative expansion in a)(;l / w,/‘,l. Based on the
quasilinear dynamics, we expect that the fermion over-
density grows on scales characterized by the scalar field
oscillation frequency y = a)(/,y_c' ~ X/¢, but on timescales set
by the fermion evolution s = w,n, which we specify
explicitly as 6, = 6, (s, 7). It is natural then to look for
a scalar term on the same scales, i.e., v~v,(s,)).
However, this does not match the homogeneous compo-
nent, which instead evolves on fast timescales ¢ = w,,;7 and

wXs U~ Uy (6, K) We therefore

consider v(7,X) = vy (6, A) + v, (5.7), separating the
equations into

long wavelengths A=w

02 C()_l 2
— v, 1+ 1 - (w—‘f]) Vv,

00 S
+ 3 (i )y + ()Y =0 (A2)
and
0=\ 2
- Vi, +30kv, + 6, + (w—:‘,1> pRil
P30k = (A)) + (- A)) =0, (A3)

where we have placed terms with the expectation that ¢ =~
v, represents the homogeneous background and ¢, =
Qv is the fluctuation.

However, we see directly that the nonlinear »° term
necessarily mixes different time and length scales, even
when w,'/w,' — 0. If we assume (1%), <1 then v,
becomes the oscillating background v, while Eq. (A3)
retains a linear mixed term 3v2v, which can be further
averaged to obtain the fractional force law in Eq. (27). On
the other hand, if v} > |v,| ~ (12), > 1 as we might
expect in a deeply nonlinear regime with 6, > 1, then
Eq. (A3) decouples from v,

3

-Viu, + 1} +6, 0. (A4)

It is only the first regime that can be modeled by the
simulations.

2. Friction and tidal effects in y

In this section we compute the lowest-order correction
terms to the oscillation-averaged dynamics. However, we

continue to ignore relativistic effects (i.e., ¢,”) and non-
linear in ¢ terms such as @y@? or ¢; (and others that we
shall soon encounter), as well as gravitational effects (e.g.,
the horizon scale or the onset of the matter era).

We first compute the correction to Eq. (24) which is
related to the oscillating fermion mass [39],

P 7Rz
Megp = My, + Y zm,,,(l—l—ym— 0), (AS)

s/s; WS/Si

where we neglected the term proportional to ¢;. We further
assume that yp/m, <1 such that we can treat this as
always perturbative and decaying. Then we have that

¥ An) — X 1 [n+An B
X(n + An) X(n):/7 TP g (A6)
An An n AMeggp
o p 1 [rtan] dn' (A7)
: my, An Jy al+ y%%
am,, my s/s;
=P um, (A9)
amv,

where (v) is an order 1 number. The correction M — 1,
assumed to start small, decays even further from relevance.

We next compute the corrective terms to Eq. (25). In this
case we have that

pin+An)—pn) _ ay [réig
LAV B VA A 0 P A4 Vo, .x(n))dy  (A10
A anl, @1’ x(n'))dn’ (A10)

and we should evaluate trajectories based on Eq. (A9),

X(n' <n+ An) = X(n) + p/(am,)(n —n) M, correspond-
ing to the Born approximation. Then we have that

o1 (', X)) = @i (', X(n))

+ afz]()'z M) =n)V oy (. Z(n))
(Al1)
and so
) 9 Voo =) ) (A12)
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The first term under the integral is the oscillation-averaged
force already found, while the second represents a tidal
correction. This correction depends explicitly on 7, e.g., the
scalar field value,

1 A g —p
0 — ———dy Al3
< yk§> & Al’]/; k2 +£—2(’7I> n ( )

! /A" Y d (A14)
Mo RrEn+n”

with y =7’ —5. One possibility is to perform another
oscillation average (e.g., because dn > Ap). If we do this,
we get

5y - 1 Aﬂd A'?d y
¢ "”AT% % YR xty)

1A
M(n+x) zEFnM Qe (AlS)

) (n+x)a;/n;

where we assumed 7 > An > x.
The lowest-order equations of motion therefore are

&3
“_Lr (A16)
dc  m,

and

1 dp = -
—=-Vo , Al7
m, d +ar (A17)
where the tidal acceleration is given by
1A
Gy =—~TM®B V)VO (A18)
2a
1 SN\ (7
= <P(a%Hi)‘1/\/lw—‘f]> <3 : V) Vo.  (A19)
2 w,, s

This tidal term does not decay (initially at least, as v « s),
unlike the friction M — 1. As discussed in Appendix A 1,
the oscillation-averaged force equation is already correct to
order (w,'/w,')* assuming quasilinearity. Therefore, in
the limit where yp/m,, and w,'/w,' are negligible, we
recover the equations used for the simulations.

APPENDIX B: PRIMORDIAL DISPLACEMENTS

The primordial displacement field ‘f’o introduces a
conceptual ambiguity for particle initialization. We have
considered two possible particle initial conditions to deal
with this. In the first, we neglect the ambiguity completely
and assign particle displacements analogously to traditional
large-scale structure simulations,

-
-

= k 1
lIlp ¥~ —lpav,(é‘o) 1 +Z(—k2Qk5)(S - S()) . (B])

In the second possibility, we encode only the relative
displacement between s; and sy — 0,

B 1
p = Y — lPQ ~ lk2 5W(S0) Z (—szkE)(s — So) . (B2)

With this second choice, however, we still need to encode
the primordial fluctuations at sy, which we can do by
adding an additional fluctuation to the particle mass,
om,/m,. In either case, the velocities are set by

d -~ > s
Sglpp ~ —l.kk_zéy,(SO)(—kzgkst)Z, (BS)
although only for the second choice are they proportional to
the displacement field for s, = 0. We note that this situation
is somewhat analogous to one encountered in primordial
black hole simulations; however, in that case the black
holes are initially Poisson distributed and so particles can
be placed randomly rather than on a lattice [74].

Using individual particle mass fluctuations has only seen
limited use in cosmological simulations (e.g., [75]),
although having a pair of masses is common for multi-
species simulations (e.g., [76]). The simplest way to encode
the density field is to have one particle at the center of each
grid cell and assign that particle’s mass fluctuation to be
om,/m, = 8,(s). However, since this requires at least 4
times more particles than our preferred lattice conditions,
our default simulation setup was not possible. Instead, we
reduced the grid size to n. = 256° cells with the same
number of particles (i.e., just over 7 times fewer particles in
total than the default setup). We ran two simulations, one
with only displacements given by Eq. (B1) and one with
both mass fluctuations and displacements given by
Eq. (B2), showing their ratio in Fig. 13. We find that on

1.015

_— Rm/[ = 1/8
Loto] T fw/t=2/8
— Ru/l=3/8
Ru/l=4/8
= 1.0051
=
=
15 1.000 A s
|
=
Y 0.9951
0.990 1
0.985 . .
10° 10!
4
FIG. 13. Ratio of power spectrum computed with mass fluc-

tuations and displacements to that where there are only displace-
ments. The differences are generally subpercent, although it is
difficult to extrapolate to even smaller scales.
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small scales there is around a ~1% difference between the
two simulations. Unfortunately, it is somewhat difficult to
interpret how this impacts our results due to the changing
particle number, PM grid size, and ratio of n, to n,.
However, our results are principally comparisons between
simulations that should be similarly affected by this
ambiguity and so we do not expect our interpretations to
change. Determining how to create more accurate initial
conditions in the radiation era is certainly worthy of

further study.

APPENDIX C: CONVERGENCE TESTS FOR E

1. Particle interpolation

In this appendix, we discuss how the correlation function
calculation depends on the particle interpolation method.
As a demonstration, we compute the correlation function of
particles with random coordinates using either the CIC or
NGP interpolation method, showing the result in Fig. 14.
While a true Poisson distribution is expected to have zero
correlation, we find there is a numerical correlation which
is substantially larger when using CIC interpolation.

In both cases, however, the numerical result is substan-
tially less than the physical correlations we find in the
simulation. At the final redshift of the simulations, we find
that it makes very little difference whether we use NGP or
CIC provided the number of grid cells is large enough. We

show this in Fig. 15, where the differences between CIC
and NGP are quite small for the n. = 3072 grid. However,
the differences are not small when a n. = 768 grid is used,
suggesting that NGP interpolation provides a more robust

estimate.

100 K x  CIC: n, =768
x x  CIC: n. = 3072
XX
" x  NGP
1074 X x
X Xi
X
= 10731 x« ) :
r]: 3 o XX Xy X .
1 X
X oq " %
107 °
o X® §~x
[}
.X R ® o
10774 . . °
IR
%
107 T T v
107! 10° 10!
r/l

FIG. 14. Correlation function of particles with random coor-
dinates using different interpolation schemes. When interpolation
is done using the NGP method, the results are independent

of grid size.

1.024 —— NGP/NGP
—— CIC/NGP
1.00 —— —==
l'
& o~
7p 0981 /
o 1
=1 1
O» 1
i3] !
0.96 {
‘I
1
1
1
!
1
0.941 !
101 10° 101
r/l
FIG. 15. Ratio of correlation functions computed using CIC to

NGP at the final redshift of the ny =2 G simulation. The solid
purple line is computed with a grid size of n. = 3072 cells per
dimension, while the dashed purple line uses n. = 768. By
construction, an NGP calculation with n, = 768 is equivalent to

n, = 3072 for grid cells that overlap.

2. Self-similarity

While we can compare our simulations with linear theory
predictions on linear scales, it is much more difficult to test
the accuracy of the simulation and analysis methods on
nonlinear scales, especially as we have no other imple-
mentations to compare against. An alternative way to
determine accuracy is to exploit self-similarity [77]. This
approach makes use of the fact that the only physical scale
in an initially scale-free simulation is the nonlinear scale.
Provided results are appropriately rescaled by a quantity
that varies with the nonlinear scale, we can establish the
degree to which the simulations are converged.

Our simulation with ny = 2 and G represents an exam-
ple of a simulation that should be scale-free. We show

10?4 \
10'4

. Rhl/f = 4/8

~

= 100] —— Ru/t=3/8
w —— Ru/t=2/8
Ru/t =1/8
r = Ry

r =Ry

/R

FIG. 16. Correlation function of scale-free G with ny =2
simulation, which has been rescaled to show self-similarity.
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the rescaled correlation function in Fig. 16, taking

R, = RhlA(l;r/ = k! as an appropriate rescaling variable.
In general, we find that our results appear to be converged
to around 5% up to the halo radius and to better than 10%
up to the nonlinear scale. Afterward, they differ more
substantially from self-similarity, likely due to the effects of
the finite box size.

Another very noticeable effect is the sawlike pattern seen
in the bottom panel for Ry /¢ = 3/8. This is not due to
convergence of our simulations, but rather a systematic
effect in the calculation of E, specifically due to the three
different shifts v/1, v/2, and v/3 used in the calculation. The
resulting artifact cancels exactly when the radii of the 4/8
correlation function is interpolated to the 1/8 and 2/8
cases, as the points remain aligned, but does not for the 3/8
case. We therefore treat the size of the saw pattern as an
estimate of the numerical error in our calculation, which
appears to be less than 10% out to R;.

3. Numerical parameters

We last wish to test the effects of numerical parameters
on our calculation. We first consider the force softening
length: we ran three further G simulations with ny = 2, but
using 7,5 = 0.1, 0.2, and 0.25. Figure 17 shows the ratio of
the correlation function with varying softening length to the
one in Fig. 8. We find that our results are generally
converged to around ~1% on all scales. However, it does
seem to be the case that in all cases deviations are beginning
around r ~ 107!#, which corresponds to the grid scale. By
comparing with Fig. 4, we see that the deviation starts

1.04
Teott =010  —— Ry/l=1/8
s rgp =020 —— ) —
1.034 soft R}ﬂ/f 2/8
........ reot = 0.25 Rhl/f _ 3/8
Ru/l=4/8
1.02
=)
S 1.014
I
= 1.001 e
o
=
£ 0991
ul
0.98 1
0.97
0.96 T v v
107! 10° 10!
r/l
FIG. 17. Variation of the correlation function for the G

simulation with ny = 2 with respect to softening length. The
denominator of the ratio is shown directly in Fig. 8.

occurring on scales comparable but smaller than where the
largest force error is. Thus, differences due to the PM and
PP force matching remains a plausible explanation. Since
Q ~ G on scales relevant to force softening, we do not
expect it to directly change between the sets of simulations,
unless in conjunction with other effects.

The second test we perform tests the convergence with
respect to N-body particle number. The simplest way to
change particle number is to reduce the particle number by
2 per dimension, or a factor of 8 total. However, this is a
rather dramatic change, and so we have also run a set of
simulations where we change the lattice configuration to a
simple cubic lattice (see [78] for a visualization), which
corresponds to a factor of 2 reduction in particle number.
We show the ratio between the correlation function with
reduced particle number to the ones shown in Figs. 8 and 9.
On scales r < 7, we find that the simulations with N » /2 are
generally converged to better than 1% to r ~ 107'Z. One
exception to this is the correlation function of the last
redshift of the O simulation with n, = 2. Here we observe a
larger and more scale-dependant change in the ratio.
The origin of this is not clear, although one plausible

1.11 — Rhl/Z:I/S
—— Ru/t=2/8

1
—— Ru/t=3/8 i
R/l = 4/8 i

1

1

)

1.0

s

0.9

1.1

1.01

(V]

0.9

Ey/

1.14

1.0

0.9

1.14

1.0

0.9

FIG. 18. Variation of the correlation function with respect to
particle number for each of the four cases we simulated. We find
general convergence to be ~1% in most cases. The large
fluctuations on scales r Z ¢ appear to be due to the calculation
method as they do not appear in the power spectrum.
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explanation is that the final value of s for this simulation is
substantially higher than the others (see Table I), and so
numerical issues may become more pronounced. For the
N,/8 ratio, we find worse convergence in all cases,
reaching around 10% at r~ 107'#, with earlier times
showing the greatest deviation in all cases.

On scales r = £, we see a substantial amount of noise in
the ratio. However, we suspect this is related to the
calculation method, even though it does not appear as
much in the scale-free case with G and ny = 2. Figure 19
shows the analogous power spectrum. Here convergence on
large scales (k7 < 1) appears much better with subpercent
differences in all cases except the Q simulation with
nog = 2. For the latter case, we do find noise at the level
of a couple percent. We suspect this may be due to the force
on large scales being substantially suppressed, although as
before it must be in conjunction with the longer run-time as
the noise is not visible for the ny =1 case. Overall,
however, the differences in Figs. 17-19 are generally much
smaller on scales 107!# < r < #, compared to the ~5x and
~1.5x enhancement we see in the bottom panels of
Figs. 8 and 9.

Finally, we note a technical issue present in the simu-
lations where the largest discrete Fourier mode was
incorrectly aliased to the opposite sign. The only practical
effect is a change in the floating-point representation of
zero, i.e., the difference in representation between sin(x)
and sin(—x). We tested this explicitly and found that the
resulting changes due to floating-point arithmetic are
consistent with setting the value to 0 exactly. We conclude
then that our results are robust to numerical parameters.

1.049 —— N,/2

1.00 f=— e

0.96{ 9 0 =2

LO4Y — Ry/e=1/8
1021 — Bw/t=2/8

A

—— Ru/l=3/8
R/l = 4/8

L/ALIN]

2
Y

A

~ee

0.96] 9 m=1

1.00 = ‘--_-'--‘:--v*—bd—/,'/'/v’/

0.981 RN Py
0.96] & mo=1 T
107! 100 10"

kel

FIG. 19. Similar to Fig. 18 except showing the power spectrum.
Large scales appear well converged to much better than a
percent, except for the Q case with ny = 2 where it is at most
around 2%.
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