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Abstract: We study the effect of the cubic torus topology of the Universe on scalar cosmological
perturbations which define the gravitational potential. We obtain three alternative forms of the
solution for both the gravitational potential produced by point-like masses, and the corresponding
force. The first solution includes the expansion of delta-functions into Fourier series, exploiting
periodic boundary conditions. The second one is composed of summed solutions of the Helmholtz
equation for the original mass and its images. Each of these summed solutions is the Yukawa
potential. In the third formula, we express the Yukawa potentials via Ewald sums. We show that
for the present Universe, both the bare summation of Yukawa potentials and the Yukawa-Ewald
sums require smaller numbers of terms to yield the numerical values of the potential and the force
up to desired accuracy. Nevertheless, the Yukawa formula is yet preferable owing to its much

simpler structure.
Keywords: spatial topology; gravitational potential; Yukawa interaction

PACS: 04.25.Nx—post-Newtonian approximation; perturbation theory; related approximations;
98.80.Jk—mathematical and relativistic aspects of cosmology

1. Introduction

Spatial topology of the Universe is the fundamental problem of modern cosmology. Is
the Universe spatially flat, open, or closed? Moreover, is it simply or multiply connected?
This issue was and is the subject of debate in many scientific articles. Theory, e.g., General
Relativity, does not provide direct answers to these questions, hence it is observation
instead that plays the decisive role here. For instance, detection of multiple images of the
same object would directly indicate that the space is multiply connected. Furthermore,
such an extended object as the last scattering surface can self-intersect along pairs of
circles, the so-called circles-in-the-sky [1-4]. These pairs of matched circles have the same
temperature fluctuation distribution. While nearly antipodal circles-in-the-sky have not yet
been revealed in the CMB radiation maps, the analysis of CMB anisotropies for repeated
patterns is very promising, and even detection of a single pair of matched circles could
confirm the flatness of the Universe together with its multi-connectedness [5,6].

Atlarge angular scales, there are observable CMB anomalies in the form of quadrupole
moment suppression and the quadrupole and octopole alignment. From the topological
point of view, it is natural to explain the suppression by the absence of long wavelengths
in sufficiently compact spaces. Such spaces should also have all dimensions of the same
order of magnitude, thus being well-proportioned [7,8]. A cubic torus T® represents a
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glaring example of well-proportioned compact space, and a more general rectangular type
T x T x T (with unequal periods of tori) can bring forth a symmetry plane or a symmetry
axis in the CMB pattern [9].

A multiply connected flat space with toroidal topology T2 is compact in all directions
and has a finite volume. There are observational limits on the size of such Universe,
including the ones coming from the analysis of 7-year and 9-year WMAP temperature
maps [8,10]. For example, according to the 7-year WMAP data, the lower bound on the
size of the fundamental topological domain is 27.9 Gpc [11]. In the case of T topology,
more recent Planck mission data give R; > 0.92Xrec and R; > 0.97xrec for Planck 2013
and 2015 results, respectively, where R; is the radius of the largest sphere which can be
inscribed in the topological domain, and )rec ~ 14 Gpc is the distance to the recombination
surface [12,13]. Based on these results, the Planck Collaboration has reported that currently,
there is no detection of compact topology with a characteristic scale being less than the
last scattering surface diameter. Meanwhile, as pointed out in [14], it is quite possible that
the Universe does have compact topology, detectable through the values of observable
parameters which lie outside the ranges covered by the WMAP and Planck missions (at
least with respect to the circles-in-the-sky search).

Symmetries associated with the cubic torus T° are inherent in cosmological simulations
of the large scale structure formation. Indeed, the cosmological N-body problem is almost
always numerically solved in a cubic box with periodic boundary conditions [15-25]. In
view of computational limitations, the edge of the simulation box is smaller than the
lower experimental bound on the torus period and ranges from hundreds to thousands of
Mpc. To perform such simulations, we need to know the form of metric perturbations, in
particular, the expression for the gravitational potential generated by discrete masses. Such
an investigation was performed, e.g., in [26,27] where the Authors considered a toroidal
lattice with period L and equal masses M placed at the center of each cell. They found a
solution of the Einstein equations, expanded into series in powers of the small parameter
(M/ L)l/ 2. It turns out that in this case, the discrete mass distribution is characterized by
non-convergent series. The inherent ultraviolet (UV) divergence is related to the point-like
nature of the investigated matter sources. In order to avoid this problem, the Authors
provided the masses with a small finite extension, thus introducing a UV cutoff scale. If the
Schwarzschild radius of the masses is chosen as this cutoff scale, then one needs the first 10°
summands in the series. Meanwhile, if a typical galaxy dimension is chosen instead, then
only first 200 summands are needed for an accurate description of the exterior solution.
This cosmological model is characterized by a number of apparent limitations. First of all,
clustering in the real Universe is much more complicated and irregular. In the second place,
it is not difficult to show that the obtained solution with point-like gravitating masses
has no definite values on the straight lines joining identical masses in neighboring cells,
i.e., at points where masses are absent. The only way to avoid this problem and get a
regular solution at any point of the cell is to perform the smearing of these masses over
some region, i.e., to employ again a UV cutoff. Exactly the same situation takes place for
the gravitational potential as a solution of the Poisson equation with periodic boundary
conditions [28].

The situation is drastically changed if the gravitational potential satisfies the Helmholtz-
type equation, as it takes place within the cosmic screening approach [29-33]. Careful
analysis of the perturbed Einstein equations reveals that first-order cosmological perturba-
tions (e.g., the gravitational potential) satisfy the Helmholtz equation. This relativistic effect
arises due to the interaction between the gravitational field and the nonzero cosmological
background. In the present paper, we analyze this equation in the case of periodic bound-
ary conditions usually assumed for cosmological N-body simulations. In other words,
we investigate the impact of the cubic torus topology on the shape of the gravitational
potential. We present three alternative expressions for the potential. The main purpose
of this paper is to determine among these solutions the one that is most advantageous
with respect to numerical applications. Namely, to find which of the solutions requires
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less terms in series to attain the necessary precision. Our investigation shows that the
solution based on Yukawa-type potentials is preferable, provided that the screening length
is smaller than the period of the torus. This condition is in agreement with observational
bounds.

The paper is structured as follows. In Section 2, we introduce the general setup of the
model and present three alternative solutions for the gravitational potential for cubic torus
topology. Sections 3 and 4 are devoted to the detailed study of these potentials and the
corresponding forces, respectively, in view of their usefulness for numerical computations.
In Section 5, we summarize the obtained results.

2. The Model and Alternative Solutions

We consider the ACDM model where matter (cold dark and baryonic) is taken in the
form of point-like gravitating masses m1,,. These inhomogeneities perturb the background
Friedmann-Lemaitre-Robertson-Walker metric. In the conformal Newtonian gauge, the
perturbed metric reads [34,35]

ds? = a? [(1 +2®)dn? — (1 — 2q>)5aﬁdx“dxﬂ . 1)

The first-order scalar perturbation ®, |®| < 1, defines the total gravitational potential
of the system and satisfies the equation [33]

eff

where ¥ = 871Gy /c* (Gy is the Newtonian gravitational constant and ¢ represents the
speed of light), a(7) is the scale factor, and A denotes the Laplace operator in comoving
coordinates. In addition,

p:Zmn(S(r—rn) (3)

is the comoving mass density and p = const is its average value. The Helmholtz Equation (2)
was derived in [33] within the cosmic screening approach [29-32] and effectively takes into
account peculiar velocities of inhomogeneities. The effective screening length

c2a’H da
3 /a3H3' )

Aetf =
where H = (c/a?)da/dn is the Hubble parameter. It can be easily seen that A¢ admits the
time dependence. If we substitute the cosmological parameters according to the Planck
2018 data [36],i.e., Hy = 67.4km s_lMpcfl, Oy = 0.315, Qp = 0.685, at the present time
we get (Aegr)o = 2.57 Gpc [33].

It is convenient to introduce a shifted gravitational potential

2
~ 5 KC™ _
O=P — Aeff—2a3p , 5)
which satisfies ) )
= a- ~ KC
AD b = 0 6)
2
)‘eff 2a

The superposition principle allows us to solve this equation for a selected particle and
then, to simply re-express the solution for a system of randomly distributed particles.

Herein we intend to solve this equation in the case of the three-torus topology T x
T x T with periods I3, I, and I3. Obviously, p = ¥_,, m,,/ (I11213). It is worth noting that the
form of the equation is determined by General Relativity with the appropriate choice of
the metric and energy-momentum tensor of matter. Therefore, we have the same equation
for both flat simply-connected and multiply-connected topologies. Evidently, the solution
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of this equation depends on the boundary conditions. First, we find the solution for the
selected particle m, chosen to be, without loss of generality, at the center of Cartesian
coordinates. For the given source, Equation (6) becomes
2 2
~  at -~ KC
AD — — D =—md(x)d(y)d(z). 7
12 = 5 mswole) )

Toroidal topology also implies periodic boundary conditions. Therefore, the expansion
of the delta-function into Fourier series reads

d(x) = 1 +Zoo cos(27;1k1x> 8)

11 ki=—o00

and similar expressions apply for 6(y) and §(z). Employing this delta-function presentation,
it can be easily verified that the solution of Equation (7) is

c2 +00 k2 k2 k2 27171

+o0 a
- Zalllzlgkz L Zl <12+12+z2>+A2

=—00 kp=—00 kg=—00 eff

X Cos klx cos iy cos 27Tk3 . 9)
I I I3

Thus, for a system of arbitrarily located massive particles in a cell, the total gravita-
tional potential is

)

1
N KC2 1 +o0 +oo k2 k2 kz ﬂz
& = 1 v + 2153 4

2a il ; " kl_z_ookz_z_ook3_z_oo B lz /\gff

X CoS {27;1](1 (x — xn)} cos[ rlt2k2 (y — yn)] cos [an?’ (z— zn)] } . (10)

I3

The obtained solutions satisfy two important natural conditions. First, Equation (9)
yields the correct Newtonian limit in the close vicinity of the source particle. Second, using
the relation (5), it can be demonstrated that the average value of @ is equal to zero, as is
required of fluctuations at the first-order level. It is worth noting that the sum of Newtonian
potentials does not satisfy this condition (see also the reasoning in [37]).

The solution of Equation (7) can also be found in the alternative way. Owing to
periodic boundary conditions, each mass in the fundamental cell has its counterparts
shifted by multiples of tori periods /1, I and [3. Therefore, we may solve Equation (7) by
merely counting the distinct contributions of these images. Since this is a Helmholtz-type
equation, the solution is the sum of the corresponding Yukawa potentials:

& KC m Ji" Ji" 2 1
87 | T oy oo koo — k1) 4+ (v — kol2)? + (z — kal3)?
— = 2 — 2
« exp<_a\/ x—kilh)? +(}/A fszlz) + (z — k3l3) > 1)
€

We rewrite the alternative solutions (9) and (11) as

ky=—00 ky=—o00 kg=—00 eff

X

cos(27tk1 %) cos(27tkyij) cos(27ksZ)
(12)
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where, for simplicity, we consider an equal-sided cubic torus with [y = I, = I3 = [ and
introduce the notation

X = fl, y= gl, zZ = Zl, /\eff = }\eﬁ:al . (14)

Yukawa potentials with periodic boundaries can also be expressed in the form of
Ewald sums, i.e., as two distinct rapidly converging series, each of which exists in one
of the real and Fourier spaces. This type of presentation is usually used in depicting
electrostatic interactions in plasma, colloids etc., and for this purpose, the Yukawa poten-
tial for systems with three-dimensional periodicity was obtained earlier in [38]. In the
cosmological framework, the Yukawa-Ewald potential for gravitational interactions takes
the form

- Gnm _1/\
cI>mix = < N ) q>mix

c2al

yrox

k1=—00 ky=—00 kg=—00

exp 42k2 4+ A
=+ 47 COS[ZTL’(k]f + kzy + k32)] { ( Eff) } (15)

D(VE=T)Z+ (i~ k)2 + (ks Aer)
2GR P+ G-k +E— k)

472k2 + Aeff

where k> = k2 + k3 + K3,

Il
e
X
o

—_

i)

(
( | 24
( VE—R)P T k)P + (k) )
(

af (224 (k22 + (2~ k)2 (16)

202 off )

In these expressions, erfc represents the complementary error function and «, the
free parameter, is to be assigned the optimal value to save computational effort while
operating with adequate accuracy. Below we will test a number of values of . Our research
demonstrates that for the chosen range of Aef, the optimal one is around 2.

We note that alternative expressions for the gravitational potential were also found in
the cases of slab and chimney topologies [39,40]. Direct comparison of the obtained formu-
las for different topologies shows that only the Formula (13) above (Yukawa potentials)
may be interpreted as a simple extension of the “slab” and “chimney” counterparts (2.28)
in [39] and (18) in [40], respectively. However, obviously, both Formulas (12) and (15) are
quite different from their counterparts, and this is a nontrivial task to derive them from
the previous papers. Moreover, the Yukawa-Ewald potential is not presented in the case of
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slab topology. Thus, formulas found in the present paper are new and otherwise absent
in the literature. As regards the gravitational forces derived below, again, the similarity is
present only in the case of the Yukawa formula, but both alternatives are new and cannot
be easily derived from the previous results on different topologies.

The obtained solutions (12), (13) and (15) depend on time. It is important to note
that they all satisfy the same Helmholtz equation and are three representations of the
solution. In our papers [29-31,33] it was investigated in detail that such a solution satisfies
the complete system of perturbed Einstein equations.

3. Gravitational Potentials

In the previous section, we have obtained three alternative formulas for the gravita-
tional potential created by a point-like particle placed at the center of Cartesian coordinates
(x,y,z) = (0,0,0) and by its infinitely many images placed at points (x,y,z) = (kil, koI, k3l)
where k13 = 0,%1,%2,... Due to periodic boundary conditions, these formulas include
infinite series. We aim to find out which of these expressions requires fewer terms in the se-
ries sum to yield the value of the potential to given accuracy. The less the number 7 of these
terms, the more advantageous the corresponding formula for numerical calculations. This
number 7 is defined via the condition that the ratio |exact  — approximate ®|/ |exact ®|
is either equal to or less than 0.001. This is our demanded level of precision in determining
the approximate value of ®. Each of the alternative expressions (12), (13) and (15) has its
own number 7 designated as 1cos, exp and Mmix, correspondingly. Evidently, the formula
with the smallest number is, all other things being equal, the most convenient for numerical
computations. All three formulas to be compared contain triple series. Consequently, the
sought values n correspond to the minimum number of triplets (kq,kp, k3) included in
series for which the required precision is achieved. To find this number, we generate a

sequence in increasing order of |/k3 + k3 -+ k3 in Mathematica [41] and count the number
n of terms involved in it.

We calculate the potentials (12), (13) and (15) in Mathematica [41] up to the adopted
accuracy at a selection of points in the cell and display the results in Tables 1 and 2. The
number 7leyp is defined employing Equation (13): for any 1 > nexp, the approximate ®eyp
will be determined with better accuracy than a tenth of a percent. The values #1¢0s and
fimix follow from the Formulas (12) and (15) under the condition that the gravitational
potential is calculated with the same accuracy at the point of interest. We have found
that the Yukawa-Ewald formula (15) works well (i.e., requires the smallest number of
terms) both for small and large selected values of the screening length Aefi- Therefore, we
evaluate the exact ® by the Formula (15) for n > npyix. Additionally, we have observed
that the use of Equation (12) to get n¢os yields faulty outputs due to problematic aspects
of the computational process. The “trigonometric” Formula (12) contains an alternating
series. The summation of such a series is accompanied by significant round-off errors
and to reach the required accuracy, when possible, it is necessary to take into account a
very large number of terms (more than 10° in our case). Therefore, the use of this formula
looks absolutely unreasonable in comparison with the rapidly converging expressions
(13) and (15). Hence, this trigonometric formula is not suitable for numerical calculations,
and the related values are excluded from the tables.

As follows from the Formulas (12), (13) and (15), the resulting values of the potential
are sensitive to the choice of Ag. For our calculations, we choose four different values, that
are A = 0.01,0.1,1 and 5. The rescaled screening length Ay is the ratio of the physical
effective screening length A to the physical size of the period al. As we have mentioned
previously, today Aegs ~ 2.6 Gpc for the ACDM model [33], and the size of the fundamental
domain for the cubic torus topology is restricted by Planck 2015 results to no less than al ~
27 Gpc [13], i.e., the observational data require that Ao < 1. Nevertheless, taking into
account that many N-body simulations are indeed performed in boxes with sizes less than
1 Gpc, we also consider Aeif > 1.
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The Yukawa-Ewald potential (15) is sensitive to the free parameter « as well. Therefore,
choosing different values of this quantity, we also seek those at which 71, will be minimum.
Our calculations demonstrate that for the chosen range of 0.01 < A4 < 5, the optimal
value of « is around 2.

Table 1. Rescaled potential ® and the corresponding numbers 7exp of terms in the series sum at nine points in the cell for
Aeff = 0.01 (left chart) and A = 0.1 (right chart).

Aett = 0.01 Aett = 0.1

£ i z o fexp ks i z i) flexp
Ay 0.5 0 0.5 1.105 x 1030 9 Aq 0.5 0 0.5 4.837 x 1073 20
Ay 0.5 0 0.1 2.810 x 10~22 2 Ay 0.5 0 0.1 2.406 x 1072 9
As 0.5 0 0 7.715 x 10~22 2 Aj 0.5 0 0 2.705 x 1072 9
By 0.1 0 0.1 5.101 x 10~© 1 By 0.1 0 0.1 1.719 1
B, 0.1 0 0 4540 x 1074 1 B, 0.1 0 0 3.679 1
o] 0.5 0.5 0.5 2.262 x 10~% 20 G 0.5 0.5 0.5 1.602 x 1073 20
C 0.5 0.5 0.1 5.413 x 10731 8 C 0.5 0.5 0.1 4478 x 1073 20
Cs 0.1 0.5 0.1 1.044 x 10~22 3 Cs 0.1 0.5 0.1 2.146 x 102 12
Cy 0.1 0.1 0.1 1.735 x 10~7 1 Cy 0.1 0.1 0.1 1.022 1

Table 2. Rescaled potential ® and the corresponding numbers #1exp and #mix of terms in the series
sum at nine points for Ae¢ = 1 (top chart) and Aeg = 5 (bottom chart).

B 7 z & mep  omigl w2 madl
Aq 0.5 0 0.5 12.00 3449 64 9 25
Ay 0.5 0 0.1 12.42 3352 48 7 22
Asz 0.5 0 0 12.47 3345 47 7 22
By 0.1 0 0.1 16.77 2965 37 7 23
By 0.1 0 0 19.66 2794 33 7 24
G 0.5 0.5 0.5 11.79 3510 64 20 24
@) 0.5 0.5 0.1 11.98 3451 62 8 24
Cs 0.1 0.5 0.1 12.37 3370 54 7 21
Cy 0.1 0.1 0.1 15.50 3058 39 7 22
® 7 z L
Aq 0.5 0 0.5 313.6 14 1 1 17
Ay 0.5 0 0.1 314.0 11 2 1 16
Az 0.5 0 0 314.1 11 2 1 17
B 0.1 0 0.1 3184 12 1 3 23
By 0.1 0 0 321.3 12 1 4 29
G 0.5 0.5 0.5 313.4 20 1 1 12
@) 0.5 0.5 0.1 313.6 13 1 1 6
Cs 0.1 0.5 0.1 314.0 13 2 1 11
Cy 0.1 0.1 0.1 317.2 12 1 3 17

In Table 1, we give the minimum numbers nexp of terms in the series (13) that return
the value of the gravitational potential up to the adopted accuracy. The left and right charts
correspond to Agg = 0.01 and Aq¢ = 0.1, respectively. As for the values 1y, these numbers
are the same as 71exp for both left and right charts as long as « lies between 1072 and 2.
However, outside this interval, the Yukawa-Ewald formula may require more summands.
For example, if Aeff = 0.1 and & = 2.5, then npi = 29,23,23,4,1,48,28,23,6 for the points
A1, Ay, ..., Cy, respectively. All in all, when Aeff < 1 (in accordance with observational
bounds), both the Yukawa (13) and Yukawa-Ewald (15) formulas demonstrate good results
since they need less terms in the series sum. The potential expression in (13) is much
simpler, though. Thus, from that aspect, the Yukawa formula is a more practical tool for
computational purposes in the case of small .
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In Table 2, we present the results of similar calculations for Ae¢ = 1 and Aeg = 5. In
the case Agf = 1 (top chart), fexp > nmix for all selected point§, and the optimal choice
for the parameter « in the Yukawa-Ewald formula (15) is 2. For Aeg = 5 (bottom chart), as
regards the Yukawa formula (13), the nexp values are ill-suited (they are extremely large).
Therefore, we do not show them here. The value & = 2 is again the optimal choice for the
Yukawa-Ewald potential. Hence, when Aef > 1, the Yukawa-Ewald formula (15) delivers
the best performance in numerical calculations.

We demonstrate in Figures 1 and 2 (plotted in Mathematica [41]) the £ = 0 sections of
the rescaled potential ® for different values of the rescaled effective screening length A
considered in Tables 1 and 2. To plot both figures, we use the Yukawa-Ewald formula (15)
fora = 2 and 1 > npyix.

>

1.0

Figure 1. Z = 0 sections of the rescaled potential & = [—GNm/ (czal)] 13 for Aef = 0.01 (left panel) and A = 0.1 (right

panel), respectively.

)/
1.0

Figure 2. Z = 0 sections of the rescaled potential ® = [~Gym/ (cal )] 1 for Aeff = 1 (left panel) and Ay = 5 (right

panel), respectively.
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4. Gravitational Forces

In this section we provide the gravitational force formulas associated with the alterna-
tive expressions (12), (13) and (15) for the gravitational potential. Clearly, it is sufficient to
consider the force projection onto one of the axes in Cartesian coordinates. Let it be the
x-axis. Then, the projections read

d .. +o0o  foo  4oo ) ) ) 1 -1
(@) = —2r ¥ Y % n(kl+k2+k3)+%

k1:700 k2:700 k3:700

X

ky sin(27tkq %) cos(27tko§) cos(27tksZ) , 17)

9 (Pexp) = — +Zoo +Zoo +ZOO exp (_ V(& —k1)? + (}?\efsz)z +(z— k3)2>

{ X—ky n X—kq } (18)
[(F—k)2+ (T — k)2 + (E—k3)2¥?  Aet[(F—k1)2+ (7 —k2)> + (2 —k3)?] |/

L SR (j_kl)D(\/(f_h)sz(?_k2)2+(2—k3)2;a;7\eff)
2 (= k1) + (F — k2)2 + (£ — k3)2)3/2

—
=
|
=
5
N—
o
X
o
S
|
N
=
|
=
=
S—
N
+
~~
<
|
=
)
SN—
)
+
—

Z— k3)2/7\eff>

(X —k1)? + (§ — k2)? + (2 — k3)?
exp {— (4n2k2 + }tgffz) / (4&2)} }

2 . - - -
167t%ky sin[27t (k1% + ko + k3Z)] PreTy b (19)
where
Cy = Ci(\/(f_kl)z‘i‘(y_k2)2+(2_k3)2}0€}}\eff)
20 1 2
= 2 ep| ()G k)P k)2t (E—ks)2F —
ﬁexp[ (/e =k ka2 + k) :Fmeff)]
+ erfc<a\/(az—k1)2+(g—k2)2+(2—k3)2q: ! > (20)
Aeff 200 off

The x-components of the force are zero at the points Ay, Ay, A3,C; and C3, so we
calculate these components up to the adopted accuracy only at the points By, By, C3 and Cj.

The results we arrive at are as follows: first, as also is the case for potentials, the
trigonometric Formula (17) does not provide acceptable values because of the complications
that arise during the computational stage. Next, if Aeff = 0.01, then nexp = 1,1,3,1 for the
points By, By, C3, Cy4, respectively, and the numbers np,ix are exactly the same (assuming
here and in what follows that « = 2). In the case Keff = 0.1, we get nexp = 1,1,12,1 for
these points, and the corresponding numbers nnyix are, again, identical. However, for
Aef = 1, we have nexp = 258,82,987,486 while nyix = 7,7,21,9. Finally, if Ao = 5, then
still nix = 7,7,21,9, but nexp acquires unreasonably large values. y

Our calculations demonstrate that the numbers neyp start to grow once Aq exceeds
0.1 and they acquire large values as Ao approaches 1, while 7, remain small throughout
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(provided that the value of the parameter « is optimal, e.g., for « = 2 in the above cases).
The Yukawa formula is, after all, an attractive option in view of its simpler structure. The
Yukawa-Ewald formula is much more complicated and consequently, it takes longer to
numerically calculate the potentials and forces for comparable values of 7exp and 7p;x.
There exists a moment, though, when the execution time for the Yukawa formula, with
increased number of terms in the sum, is approximately equal to the one for the more
complex Yukawa-Ewald formula. We have seen that with respect to gravitational forces,
this takes place when 71exp is about 6 times larger than 7.

In Figures 3 and 4 (plotted in Mathematica [41]), we depict the Z = 0 sections of the
x-components of gravitational forces for Ag¢ = 0.01, 0.1 and 1. We employ the Yukawa-
Ewald formula (19) for 7 > nmix and & = 2. For A = 5, the picture is similar to one in
the case Ag = 1.
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5. Conclusions

In this paper we have analyzed the influence of topology on the gravitational interac-
tion in the Universe. We have considered a model in which the fundamental domain is a
three-torus T x T x T. In such a space, gravitating masses are subject to periodic boundary
conditions along three coordinate axes, that is, every mass in the fundamental domain has
its counterparts in infinitely many cells shifted along each axis by multiples of tori periods.
For this lattice Universe, we have obtained three alternative forms of the expression for
the gravitational potential produced by a point-like mass. The first one (see Equation (12))
exploits the periodic structure of space: it involves the expansion of delta-functions into
Fourier series. This solution is a trigonometric series, thus we named it trigonometric. The
second one (see Equation (13)), the Yukawa solution, was obtained by directly summing
the fields produced by the original mass and its images. Since the summed potentials
satisfy the Helmholtz equation, they are the Yukawa potentials. In the third formula (see
Equation (15)), we have expressed them via Ewald sums (the Yukawa-Ewald formula)
and shown that in some cases, such a trick facilitates (despite the complex form of the
resulting expression) numerical calculations. We have also presented the corresponding
formulas for the x-component of the gravitational force (see Equations (17)-(19)). All these
formulas, both for the potentials and forces, can be easily generalized for a system of
arbitrarily located massive particles (see, e.g., (10)). It is well known that the gravitational
potential of a system of masses distributed in the Universe defines the scalar perturbations
of the metric.

A reasonable question to ask is, then, which of these formulas is indeed preferable for
numerical applications for the given accuracy. Since all three expressions are sensitive to
the rescaled effective screening length Aot = Ao/ (al), we analyzed both small values and
values equal to or greater than 1: 0.01 < Ay < 5. The Yukawa-Ewald formula additionally
admits a free parameter &, and we have revealed that for the given range of A.g, the optimal
value of « is 2. Our calculations show that the trigonometric formula does not provide
reasonable results for the potentials or forces as complications arise in the computational
process. In the case of small A (as also demanded by the observational bounds) both the
Yukawa and Yukawa-Ewald formulas deliver good results since they require rather small
numbers of terms 7exp and 7ny;x to yield the values for the potentials and forces up to the
given accuracy. Nevertheless, employing the Yukawa formula is a more convenient choice
owing to its notably simpler structure. The situation is altered when Aqg > 0.1: Nexp begins
to increase quickly while npy;y still takes on rather small values. Therefore, for such A,
the Yukawa-Ewald formula is preferable instead.

Finally, we emphasize two important points. First, our results directly confirm that
the undesirable impact of periodicity on simulation outputs can be weakened if the edge
of the box (cubic torus period al) is set to be larger than the predicted Yukawa interaction
range Ao (see Table 1). The Yukawa formula reflects the contribution of images to the
value of the potential via the number 715 (needed to reach the required accuracy). We can
easily see that nexp gets smaller (i.e., goes to 1) with decreasing A¢. Second, operating with
summed Yukawa potentials, we provide a reliable description of the inhomogeneous gravi-
tational field generated by a toroidal lattice of point-like masses, avoiding non-convergent
series. The obtained series converge at all points only except those where discrete masses
themselves are located.

Author Contributions: Conceptualization, M.E.; methodology, M.E., E.C. and A.Z.; formal analysis,
ME., E.C, ] MM, M.B. and A.Z; investigation, M.E., E.C., JM.M., M.B. and A.Z.; writing—original
draft preparation, A.Z.; writing—review and editing, M.E. and E.C.; visualization, M.E. and . M.M.;
supervision, M.E. and A.Z.; project administration, M.E.; funding acquisition, M.E. All authors have
read and agreed to the published version of the manuscript.

Funding: The work of Maxim Eingorn and Jacob M. Metcalf was supported by the National Science
Foundation HRD Award number 1954454.



Universe 2021, 7, 469 12 of 13

Conflicts of Interest: The authors have no conflict of interest to declare that are relevant to the
content of this article.

References

1. Cornish, N.J.; Spergel, D.; Starkman, G. Circles in the sky: Finding topology with the Microwave Background Radiation. Class.
Quantum Grav. 1998, 15, 2657. [CrossRef]

2. Cornish, N.J.; Spergel, D.N.; Starkman, G.D.; Komatsu, E. Constraining the topology of the Universe. Phys. Rev. Lett. 2004, 92,
201302. [CrossRef] [PubMed]

3. Key, ].S,; Cornish, N.J.; Spergel, D.N.; Starkman, G.D. Extending the WMAP bound on the size of the Universe. Phys. Rev. D 2007,
75,084034. [CrossRef]

4. Aurich, R.; Lustig, S.; Steiner, F. The circles-in-the-sky signature for three spherical universes. Mon. Not. R. Astron. Soc. 2006, 369,
240. [CrossRef]

5. Mota, B.; Reboucas, M.].; Tavakol, R. Circles-in-the-sky searches and observable cosmic topology in a flat Universe. Phys. Rev. D
2010, 81, 103516. [CrossRef]

6.  Mota, B.; Reboucas, M.].; Tavakol, R. What can the detection of a single pair of circles-in-the-sky tell us about the geometry and
topology of the Universe? Phys. Rev. D 2011, 84, 083507. [CrossRef]

7. Luminet, J.-P. The shape and topology of the Universe. arXiv 2008, arXiv:0802.2236.

8.  Aslanyan, G.; Manohar, A.V. The topology and size of the Universe from the Cosmic Microwave Background. JCAP 2012, 6, 003.
[CrossRef]

9.  deOliveira-Costa, A.; Smoot, G.F,; Starobinsky, A.A. Can the lack of symmetry in the COBE/DMR maps constrain the topology
of the universe? Astrophys. J. 1996, 468, 457. [CrossRef]

10. Aslanyan, G.; Manohar, A.V.; Yadav, A.P.S. The topology and size of the Universe from CMB temperature and polarization data.
JCAP 2013, 8, 009. [CrossRef]

11. Bielewicz, P.; Banday, A.J.; Gorski, K.M. Constraints on the topology of the Universe derived from the 7-year WMAP CMB data
and prospects of constraining the topology using CMB polarization maps. In Proceedings of the XLVIIth Rencontres de Moriond,
La Tuile, Italy, 10-17 March 2012; Auge, E., Dumarchez, J., Tran Thanh Van, J., Eds.; ARISF: Paris, France, 2012; p. 91.

12. Ade, P; Aghanim, N.; Armitage-Caplan, C.; Arnaud, M.; Ashdown, M.; Atrio-Barandela, F.; Aumont, J.; Baccigalupi, C.; Banday,
A.].; Barreiro, R.B.; et al. [Planck Collaboration]. Planck 2013 results. XXVI. Background geometry and topology of the Universe.
Astron. Astrophys. 2014, 571, A26.

13. Ade, PAR,; Aghanim, N.; Arnaud, M.; Ashdown, M.; Aumont, J.; Baccigalupi, C.; Banday, A.]J.; Barreiro, R.B.; Bartolo, N.; Basak,
S.; et al. [Planck Collaboration]. Planck 2015 results. XVIIIL. Background geometry and topology. Astron. Astrophys. 2016, 594, A18.

14. Gomero, G.I.; Mota, B.; Reboucas, M.]. Limits of the circles-in-the-sky searches in the determination of cosmic topology of nearly
flat universes. Phys. Rev. D 2016, 94, 043501. [CrossRef]

15.  Springel, V. The cosmological simulation code GADGET-2. Mon. Not. R. Astron. Soc. 2005, 364, 1105. [CrossRef]

16. Dolag, K.; Borgani, S.; Schindler, S.; Diaferio, A.; Bykov, A.M. Simulation techniques for cosmological simulations. Space Sci. Rev.
2008, 134, 229. [CrossRef]

17.  Bagla, J.S. Cosmological N-body simulation: Techniques, scope and status. Curr. Sci. 2005, 88, 1088.

18.  Sirko, E. Initial conditions to cosmological N-body simulations, or how to run an ensemble of simulations. Astrophys. J. 2005, 634,
728. [CrossRef]

19. Marcos, B.; Baertschiger, T.; Joyce, M.; Gabrielli, A.; Labini, ES. Linear perturbative theory of the discrete cosmological N-body
problem. Phys. Rev. D 2006, 73, 103507. [CrossRef]

20. Bagla, ].S.; Prasad, J.; Khandai, N. Effects of the size of cosmological N-body simulations on physical quantities—III. Skewness.
Mon. Not. R. Astron. Soc. 2009, 395, 918. [CrossRef]

21. Bagla, ].S.; Khandai, N. The Adaptive TreePM: An adaptive resolution code for cosmological N-body simulations. Mon. Not. R.
Astron. Soc. 2009, 396, 2211. [CrossRef]

22. Tweed, D.; Devriendt, J.; Blaizot, J.; Colombi, S.; Slyz, A. Building merger trees from cosmological N-body simulation. Astron.
Astrophys. 2009, 506, 647. [CrossRef]

23. Klypin, A,; Trujillo-Gomez, S.; Primack, J. Halos and galaxies in the standard cosmological model: Results from the Bolshoi
simulation. Astrophys. J. 2011, 740, 102. [CrossRef]

24. Stalder, D.H.; Rosa, R.R.; Junior, ].S.; Clua, E.; Ruiz, R.S.R.; Velho, HEC.; Ramos, EM.; Aratjo, A.D.S.; Gomes, V.C.E. A new
gravitational N-body simulation algorithm for investigation of cosmological chaotic advection. In Proceedings of the Sixth
International School on Field Theory and Gravitation, Petropolis, R], Brazil, 23-27 April 2012; Rodrigues, W.A., Jr., Kerner, R.,
Pires, G.O., Pinheiro, C., Eds.; AIP: New York, NY, USA, 2012; p. 447.

25. Skillman, S.W.; Warren, M.S.; Turk, M.].; Wechsler, R.H.; Holz, D.E.; Sutter, PM.Dark Sky Simulations: Early data release. arXiv
2014, arXiv:1407.2600 [astro-ph.CO].

26. Bruneton, J.-P,; Larena, J. Dynamics of a lattice Universe. Class. Quant. Grav. 2012, 29, 155001. [CrossRef]

27. Bruneton, ].-P,; Larena, J. Observables in a lattice Universe. Class. Quant. Grav. 2013, 30, 025002.

28. Brilenkov, M.; Eingorn, M.; Zhuk, A. Lattice Universe: Examples and problems. EPJC 2015, 75, 217. [CrossRef] [PubMed]

29. Eingorn, M. First-order cosmological perturbations engendered by point-like masses. Astrophys. J. 2016, 825, 84. [CrossRef]


http://doi.org/10.1088/0264-9381/15/9/013
http://dx.doi.org/10.1103/PhysRevLett.92.201302
http://www.ncbi.nlm.nih.gov/pubmed/15169334
http://dx.doi.org/10.1103/PhysRevD.75.084034
http://dx.doi.org/10.1111/j.1365-2966.2006.10296.x
http://dx.doi.org/10.1103/PhysRevD.81.103516
http://dx.doi.org/10.1103/PhysRevD.84.083507
http://dx.doi.org/10.1088/1475-7516/2012/06/003
http://dx.doi.org/10.1086/177706
http://dx.doi.org/10.1088/1475-7516/2013/08/009
http://dx.doi.org/10.1103/PhysRevD.94.043501
http://dx.doi.org/10.1111/j.1365-2966.2005.09655.x
http://dx.doi.org/10.1007/s11214-008-9316-5
http://dx.doi.org/10.1086/497090
http://dx.doi.org/10.1103/PhysRevD.73.103507
http://dx.doi.org/10.1111/j.1365-2966.2009.14592.x
http://dx.doi.org/10.1111/j.1365-2966.2009.14880.x
http://dx.doi.org/10.1051/0004-6361/200911787
http://dx.doi.org/10.1088/0004-637X/740/2/102
http://dx.doi.org/10.1088/0264-9381/29/15/155001
http://dx.doi.org/10.1140/epjc/s10052-015-3445-2
http://www.ncbi.nlm.nih.gov/pubmed/26005368
http://dx.doi.org/10.3847/0004-637X/825/2/84

Universe 2021, 7, 469 13 of 13

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

Eingorn, M.; Kiefer, C.; Zhuk, A. Scalar and vector perturbations in a universe with discrete and continuous matter sources. JCAP
2016, 09, 032. [CrossRef]

Eingorn, M.; Brilenkov, R. Perfect fluids with w = const as sources of scalar cosmological perturbations. Phys. Dark Univ. 2017,
17, 63. [CrossRef]

Eingorn, M.; Kiefer, C.; Zhuk, A. Cosmic screening of the gravitational interaction. Int. J. Mod. Phys. D 2017, 26, 1743012.
[CrossRef]

Canay, E.; Eingorn, M. Duel of cosmological screening lengths. Phys. Dark Univ. 2020, 29, 100565. [CrossRef]

Mukhanov, V.E. Physical Foundations of Cosmology; Cambridge University Press: Cambridge, UK, 2005.

Gorbunov, D.S.; Rubakov, V.A. Introduction to the Theory of the Early Universe: Cosmological Perturbations and Inflationary Theory;
World Scientific: Singapore, 2011.

Aghanim, N.; Akrami, Y.; Ashdown, M.; Aumont, J.; Baccigalupi, C.; Ballardini, M.; Banday, A.J.; Barreiro, R.B.; Bartolo, N.; et al.
[Planck Collaboration], Planck 2018 results. VI. Cosmological parameters. Astron. Astrophys. 2020, 641, A6.

Eingorn, M.; Brilenkov, M.; Vlahovic, B. Zero average values of cosmological perturbations as an indispensable condition for the
theory and simulations. EPJC 2015, 75, 381. [CrossRef] [PubMed]

Salin, G.; Caillol, ].-M. Ewald sums for Yukawa potentials. J. Chem. Phys. 2000, 113, 10459. [CrossRef]

Eingorn, M.; O’Briant, N.; Arzu, K,; Brilenkov, M.; Zhuk, A. Gravitational potentials and forces in the Lattice Universe: A slab.
EPJP 2021, 136, 205. [CrossRef]

Eingorn, M.; McLaughlin, A., II; Canay, E.; Brilenkov, M.; Zhuk, A. Gravitational interaction in the chimney Lattice Universe.
Universe 2021, 7, 101. [CrossRef]

Wolfram Research, Inc. Mathematica, Version 11.3; Wolfram Research, Inc.: Champaign, IL, USA, 2018.


http://dx.doi.org/10.1088/1475-7516/2016/09/032
http://dx.doi.org/10.1016/j.dark.2017.08.003
http://dx.doi.org/10.1142/S021827181743012X
http://dx.doi.org/10.1016/j.dark.2020.100565
http://dx.doi.org/10.1140/epjc/s10052-015-3598-z
http://www.ncbi.nlm.nih.gov/pubmed/26321878
http://dx.doi.org/10.1063/1.1326477
http://dx.doi.org/10.1140/epjp/s13360-021-01139-y
http://dx.doi.org/10.3390/universe7040101

	Introduction
	The Model and Alternative Solutions
	Gravitational Potentials
	Gravitational Forces
	Conclusions
	References

