* universe

Article

Gravitational Interaction in the Chimney Lattice Universe

T

Maxim Eingorn ¥, Andrew McLaughlin IT !, Ezgi Canay 2{7, Maksym Brilenkov 3 and Alexander Zhuk *

check for

updates
Citation: Eingorn, M.;
McLaughlin, A., II; Canay, E.;
Brilenkov M.; Zhuk A. Gravitational
Interaction in the Chimney Lattice
Universe. Universe 2021, 7, 101.
https:/ /doi.org/
10.3390/universe7040101

Academic Editor: James A. Isenberg,
Gerald B. Cleaver, Lijing Shao,
Gonzalo J. Olmo and Giacomo

Tommei

Received: 30 March 2021
Accepted: 12 April 2021
Published: 15 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Mathematics and Physics, North Carolina Central University, 1801 Fayetteville St.,

Durham, NC 27707, USA; amclaul2@eagles.nccu.edu

Department of Physics, Istanbul Technical University, Maslak, 34469 Istanbul, Turkey; ezgicanay@itu.edu.tr
3 Institute of Theoretical Astrophysics, University of Oslo, P.O. Box 1029 Blindern, N-0315 Oslo, Norway;
maksym.brilenkov@astro.uio.no

Astronomical Observatory, Odessa I.I. Mechnikov National University, Dvoryanskaya St. 2,

65082 Odessa, Ukraine; ai.zhuk2@gmail.com

*  Correspondence: maxim.eingorn@gmail.com or meingorn@nccu.edu

1t This paper is an extended version from the proceeding paper: Eingorn, M.; McLaughlin, A., II; Canay, E.;
Brilenkov, M.; Zhuk, A. Gravitation in the space with chimney topology. In Proceedings of the 1st Electronic
Conference on Universe, Online, 22-28 February 2021.

Abstract: We investigate the influence of the chimney topology T x T x R of the Universe on the
gravitational potential and force that are generated by point-like massive bodies. We obtain three
distinct expressions for the solutions. One follows from Fourier expansion of delta functions into
series using periodicity in two toroidal dimensions. The second one is the summation of solutions of
the Helmholtz equation, for a source mass and its infinitely many images, which are in the form of
Yukawa potentials. The third alternative solution for the potential is formulated via the Ewald sums
method applied to Yukawa-type potentials. We show that, for the present Universe, the formulas
involving plain summation of Yukawa potentials are preferable for computational purposes, as they
require a smaller number of terms in the series to reach adequate precision.

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

The shape of the space, whether it is positively curved, negatively curved, or flat,
and whether there is a limit to the size of the Universe are all among essential topics
of contemporary debate in theoretical physics and cosmology. Spatial topology of the
Universe, its function at the very early stages of evolution (in the quantum gravity regime),
and in the later process of large scale structure formation are quite interesting questions
yet to be answered. General Relativity does not favor any particular topology; hence, on
theoretical grounds, the space might be simply connected, in agreement with concordance
cosmology, or equally as well, multiply connected. It is worth noting that some “exotic”
non-simply connected spacetimes are timelike geodesically incomplete, since they have
singularities [1]. Hence, such topologies are not viable.

If the Universe is multiply connected, it may have a finite volume and yet be neg-
atively curved or flat [2]. The current available data cannot reveal the finiteness of its
volume if the Universe covers a much wider region than the observable sector. However, a
rather smaller volume points at the possibility of finding observational indications of its
topological features [3]. For instance, a photon can travel plenty of times across the volume
of multiply connected space and, thus, generate multiple images of the emitting source as a
signature [4,5]. Spaces with toroidal topology in one to three dimensions may be presented
as common examples of multiply connected spaces. To this class belongs the three-torus
TxTxT,chimney T x T x R,and slab T x R x R topologies.
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There are various comprehensive studies in the literature on potential indicators of
the shape of the space [6-10], and the majority of research is focused on their relation to the
Cosmic Microwave Background (CMB) data. Indeed, there exists a very appealing conjec-
tural relation which suggests that CMB anomalies in large angular scale observations, e.g.,
the suppression of the quadrupole moment and the quadrupole and octopole alignment,
are imprints of spatial topology [11,12]. The weak wide-angle temperature correlations
in the CMB can be also explained, e.g., with the help of dodecahedral topology of the
Universe [13]. In the present work we study the chimney topology, which admits a single
infinite axis subject to interpretations such as the preferred direction of the quadrupole and
octopole alignment and the commonly named “axis of evil” [14] (see [15] for additional
observable signatures of a preferred axis).

In connection with the investigation of possible topological imprints in CMB observa-
tions, Planck 2013 data [2] place the constraint R; > 0.71xrec on the radius of the largest
sphere that may be inscribed in the topological domain for a flat Universe with the equal-
sided chimney topology. The parameter xrec specifies the distance from the recombination
surface and it is of the same order with the particle horizon, that is, Xrec ~ 14 Gpc. For
the toroidal topologies, the former restrictions on the size of the Universe from the seven-
and nine-year WMAP temperature map analyses are presented in [14,16]. The smallest
possible size of the fundamental topological domain for flat space, according to the seven-
year WMAP results, is d = 2R 55 cos(min) =~ 27.9 Gpc [12], where R/ s stands for the
distance from the last scattering surface.

In this paper, we study the chimney topology T X T X R in terms of the gravitational
characteristics of the Universe, manifested in the shape of the gravitational potential
and force. In the cosmological setting, the inhomogeneous gravitational field is sourced
by fluctuations in the matter density [17] and, as expected, in the Newtonian limit, the
potential satisfies the Poisson equation. The form of the gravitational potential in the case
of toroidal topologies was previously studied in [18]. Particularly, the authors have shown
that there exists no physically justified nontrivial solution of the Poisson equation for the
T x T x R model. On the other hand, by employing the perturbed Einstein equations
from the very beginning, one automatically includes the essential relativistic effects in
the formulation and, for the gravitational potential, obtains a Helmholtz-type equation
instead of the Poisson one [19-21]. Quite remarkably, as we show in the present work for
the chimney topology, it then becomes possible to obtain exact solutions of this equation
that are nontrivial and physically meaningful. Herein, we derive distinct expressions
for the gravitational potential and force through alternative methods and point out the
particular solutions appearing in the form of summed Yukawa potentials as ready-to-
use notable sources for numerical computations. It is worth mentioning that, in the
above outlined approach, we make no presumptions regarding the spatial distribution of
gravitating bodies.

The outline of the paper is as follows. In Section 2, following [22], we introduce the
main equations and derive alternative expressions for the gravitational potential using dis-
tinct methods, now including the Ewald technique. Subsequently, in Section 3.1, extending
the results of [22], we compare these expressions in view of their usefulness for numerical
computations. In Section 3.2, we obtain the gravitational force expressions for each form of
the potential. We briefly review the results of our work in the concluding Section 4.

2. Methods
The Model and Basic Equations
It is well known that the gravitational potential ®, created by fluctuations in the

matter density, is defined by scalar perturbations of the metric coefficients [23] and that
in the framework of General Relativity, it satisfies the linearized Einstein equation (see,
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e.g., [24,25]). Ignoring peculiar velocities, in the case of the ACDM cosmological model,
this equation reads [19-21]

@025(,0—45), @

where ¥ = 871Gy /c* (with Gy and ¢ being the Newtonian gravitational constant and
the speed of light, respectively), a is the scale factor, while A represents the Laplace
operator in comoving coordinates. Here, p and p = const are the comoving mass density
and its averaged value, respectively. As we operate within the ACDM model, matter is
pressureless, and we consider it in the form of discrete point-like gravitating bodies with
masses 1, to represent, e.g., galaxies. Therefore, the comoving mass density

p:Zmné(r—rn). ()

The 0 subscript of ® in Equation (1) refers to the fact that peculiar velocities have been
disregarded (see also [26]).
The shifted gravitational potential

= 1
o =P — 5 ®)
fulfils the equation
~ a* . Kkc?
AD( — ﬁcpo =50 4)
where the screening length [19]
3xoc2 /2
A= ( i ) . 5)

The presence of the term « @ in Equation (1) (consequently, o @y in Equation (4))
results in the Yukawa-type cutoff of the potential with the characteristic length A. The
term o @ enters as a summand into energy-momentum fluctuations generating metric
perturbations [19].

In what follows, the overhat indicates that the gravitational potential is shifted. A sig-
nificant bonus of working with the shifted potential is that it is now possible to employ the
superposition principle in solving Equation (4): once we find a solution for a single particle
that is located at the center of Cartesian coordinates, we may immediately generalize it for
a collection of particles at random positions.

We consider the space with chimney topology T; x T X R, where the tori T7 and T,
have periods /1 and I, along, e.g., the x- and y-axes, respectively. Hence, each gravitating
body has its images positioned away from the original point in multiples of periods [; and
I along the corresponding axes. Now, let us place a particle with mass m at the center of
Cartesian coordinates. For the above indicated topology, the delta functions §(x) and 5(y)
may be presented as

W=t % ws(T), sw=1 ¥ ws(T), @

ll kyj=—c0 12 kp=—c0

which implicitly include the contribution from the images of the particle. Consequently,

Equation (4) for this particle reads
) cos (27"2 y) 52, )
2

£~ T = T (

261 lllz k=00 ky= o0
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so, we are motivated to consider the solution

2 z Cryky (2 cos(27ltk1x> cos<27[k2y>, (8)
1

kl—foo k27foo 12

where the coefficients Cy,, (z) satisfy the equation

Yy r

kK K o ke m
1= kp=—00

X CoS 2Trklx cos @y =0. 9)
I I

Using the condition d?|z| /dz? = 26(z), we can easily obtain the explicit expressions for
the coefficients Cy , (z), so that the shifted gravitational potential for the selected particle
and all its images eventually reads

R e R k% 217172
S = 4 zlzzk&kﬁw TRt R

k2 k2 a2 27tk 27tk
_ 2 -2 il 1 £
X exp( Jﬁln <12 + l%) + A2|Z|) cos( L x) cos< L y) . (10

The above expression has the correct behavior in the Newtonian limit in the neigh-
borhood of the considered particle, where it is no longer possible to distinguish between
different (infinite and periodic) axes. For such regions, the summations in (10) may be
replaced by the integrals:

~ Kcm +o00 a2 12
&, / dk/ [ (Z+8)+ AZ]

x expw 42 (K413 ) + iﬂz') cos (27 (ke + ky)] G)

for ky = ki/l; and k; = ko/I,. Introducing the vectors k = (ky, ky), r = (x,y) with the
absolute values k =, /k% + kj and r = \/x? + 2, and assuming an angle ¢ between them,

we obtain
- xctm e 2.2 2 a2
D) — / kdk [47'( k*+ 2 } exp| —1\/4m2k% + iVl |z

27
X d¢ cos(27tkr cos @)
0

xcim [+ 0o . 0 -1/2 1o a?
= 5 ) kdk |4tk +ﬁ exp | —1\/ 4%k +ﬁ|z| Jo(27tkr)

GNWI 1 1 GNm 1
= - —_— ——\/Z2+R2 - —_— 12
c2 zZ+RZeXp< A " >_> 2 22+ R 12

where Z = az and R = ar represent the physical distances, and the last integration is
performed by using the formula 2.12.10(10) of [27].
Evidently, for a system of randomly positioned gravitating bodies, we have

@O:;"i_a\)(){m_)zmﬂ; x/y/Z%x_xn/y_yn’Z_Z”}' (13)

n
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For linear fluctuations, the averaged value of this expression is equal to zero, as it
should be (also see [28]). Indeed,

N k2 A b a
b/dxb/dy / dz®y = P /exp (—X|Z|)dz

k2 A2 a _\|te k2 A2 1m
2ama2€Xp( )\Z)’0 202 T 7357 (14)
and, hence, the spatial average of the total gravitational potential is
— 1 1m N 1 1 mN
- . =—-_2=0, — =p. 15
073735 nhhlL. 3 3 hiL, F (1)

For the sake of simplicity, here we have considered the particular configuration in
which all N bodies in the volume V' = [1]L; are assigned identical masses m.

Equation (4) is of Helmholtz type and we can likewise solve it by considering the
contribution of periodic images. In this case, the resulting expression consists of summed
Yukawa potentials attributed to each one of them:

2 —+o0 —+oc0 1

=~ Kc™m
Oy = ———
0 87a klgwkzgw \/(x—kll1)2+(]/—k212)2+22
— 2 _ 2 2
y @@<_a¢w CUNEI TR +z>. a8

As we have noted previously, the peculiar motion of gravitating bodies is disregarded
in Equation (1) and, consequently, in (4). Nevertheless, the significance of such a contribu-
tion has recently been pointed out in [29], where the authors have also shown that peculiar
velocities may be effectively restored by employing the effective screening length Ag
(given by the Formula (41) of [29]) instead of the screening length A in Equations (1) and (4).
Specifically, in the matter-dominated epoch, the two quantities Ao¢ and A are related to one
another as Ao = v/3/5A. Returning to our formulation, the effect of peculiar motion is
included by replacing A with A in the Formulas (10) and (16), which yields

. xc? 1 o=, 1 e
b = (o) b BT (Rt

ki=—0c0kp=—00

X

exp (— \/4712 (k3 +K3) + }\% |Z> cos(27tk1 %) cos(27tka7) (17)
eff

and

~ K2 -1 +oo 4o 1
Pop = (“gi) Few= LY
W=k =\ (T — K1)+ (7~ k) + 2

3 2, - 2, -
exp (_ \/(x_kl) + (7 —k2) +Zz). a8)

X

Aeff

For simpler demonstration, we have assumed I; = I, = I and introduced the rescaled quantities

X = fl, y= y~l, zZ = Zl, /\eff = Aeff{;ll . (19)
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Two alternative solutions are labeled with the subscripts “cos” and “exp” in Equations (17)
and (18). Now that the peculiar velocities are included in the calculations, the 0 subscript is
omitted in the new formulas.

There is also a third way to express the gravitational potential for the given topology.
Indeed, Yukawa-type interactions that are subject to periodic boundary conditions can
be formulated via Ewald sums, so that the expression for the potential consists of two
rapidly converging series, one in each of the real and Fourier spaces. The technique is
commonly employed while modeling particle interactions in plasma and colloids, and,
in such a context, the corresponding potential for quasi two-dimensional systems, i.e.,
three-dimensional systems with two-dimensional periodicity, has previously been derived
in [30,31]. Being implemented in the cosmological setting considered in our paper, the
discussed expression for the “Yukawa-Ewald” potential reads

- k2 m\ o
Dmix = (_87'(611) Dmix

- 2 (s 2 50,003
too foo D(\/(x_kl) + (7 —k2) +Z,Dc,/\eff>

h=ek | 2=k’ (7 ko) + 2

F(\/4m2(8 +13) + )leffz;z;zx)

+  mcos[2m(k1% + kaif)] — , (20)
VA2 (8 +13) + A7
where
D<\/(JZ - kl)z + (]7 - k2) +2Z ,a,)\eff>
(\/(~—k1)2 + (7 —k2) +7~2)
= exp -
Aeff
Ny 2, /- 2, - 1
x erfc (tx\/(x —k) + ([ —kp)" + 22+ 20(}\eff)
( JE—kP G-k +z2)
+ exp| — =
Aetf
x erfc <¢x\/(32 — kl)2 + (- k2)2 +22 — Za;teff) (21)
and

F <\/47r2(k§ +k2) + Reffz;z;a)

- 4m2(k3 + K3) + A
= exp (\/4”2(](% +K3) + e_ffzi) erfc ( \/ 12 eff | 4z

20

4m2(K2 +K3) + A2

2 2 0. \/ 1 2 eff ~

+ exp(—\/47r2(k1 +k3) +/\effz> erfc( 7 —az ). (22)
In these formulas, erfc is the complementary error function and the free parameter «,

as indicated in [31], is to be chosen in such a way that a balanced interplay of computational

cost and satisfactory precision is achieved. For definiteness, we set « equal to Ag.
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In the forthcoming section, we will compare three expressions and present the opti-
mum formula in view of its efficiency in use for numerical analysis.

3. Results
3.1. Gravitational Potentials

Formulas (17), (18) and (20) describe the gravitational potential due to a point-like
body, with mass m, placed at (x,y,z) = (0,0,0), and by the accompanying images placed
at (x,y,z) = (k1l,kz1,0), where k1, = 0,41, £2, ... All three forms of the rescaled potential
are composed of infinite series. Hence, for any desired precision, one needs to determine
the minimum number of terms that are needed to numerically calculate the potential.
The criterion that we use to specify this number 7 is the following: the ratio |exact ® —
approximate ®|/|exact | should be less than 0.001. This defines the order of accuracy in
our analysis. Evidently, for each form of the potential the number 7 can be different, so we
denote these as 71exp, M1cos and 7mx, correspondingly. The formula requiring the smallest
number of terms to define P (i.e., to calculate “approximate ®”) up to the adopted accuracy
is clearly the best alternative for numerical computation purposes. In this connection, we
are interested in comparing (17), (18) and (20) here. Because the formulas include double
series, the accompanying numbers 7 are to be ascribed the smallest possible number of
combinations (kq, k) that can provide the necessary precision. We find these by listing

the summands in increasing order for |/k? 4 k3 and assigning to n the total number of
terms that are included in the list eventually. This procedure of generating a sequence of
combinations (k1, kz) and finding # is performed using Mathematica [32].

Tables 1 and 2 show the outputs for eight selected points. As to the adopted accuracy,
for all n > nexp, the approximate value of fbexp (calculated by (18)) differs from the exact
value by less than one tenth of a percent. In both tables, the exact value ® is calculated
from (18) for 1 > nexp. The quantities 7105 and npix indicate the numbers of terms in
formulas (17) and (20), respectively, which one needs to keep in order to obtain the
same values of the potential at the selected points with the same precision as attained by
using (18). In the n¢os column, the dash reflects either incorrect outputs that are produced
because of complications in the computational process, or the fact that unreasonably large
number of summands is necessary. Because our results depend on the ratio of A to the
physical size al of the periods of tori, i.e., Aot = Aeg/ (al), we present the results that were
obtained for small and large values of A separately in Tables 1 and 2, which include
Aeff = 0.01,0.1and A = 1,3, respectively.

Table 1. Potentials ® as well as the numbers Nexp, Neos and finix at a selection of points for ;\eff = 0.01 and }\eff = 0.11in the
left and right tables, respectively.

X Ui Z P Nexp Ncos Mmix X 7 Z P Nexp  Mcos  Mmix
Ay 05 0 05 5524x10°! 2 1007 2 Ay 05 0 05 2418x1073 7 40 7
A, 05 0 01 2810x10 % 2 — 2 A, 05 0 01 2398x102 6 808 6
A 05 0 0 7715x10° % 2 — 2 A3 05 0 0 2700x10°2 4 — 4
B 01 0 05 1.405x10 % 1 187 1 B 01 0 05 1.203x102 4 28 4
B, 01 0 01 5.101x10° 1 2119 1 B, 01 0 0.1 1.719 1 380 1
B; 01 0 0 4540x10°* 1 — 1 B; 01 0 0 3.679 1 — 1
C; 0 0 05 387x102 1 236 1 C; 0 0 05 1.353x10°?2 4 37 4
C, 0 0 01 4540x10°* 1 1479 1 G 0 0 01 3.679 1 490 1

According to these tables, both expressions (18) and (20) seem preferable for numerical
calculations in the case Ay < 1 since Nexp, Mmix < Meos, although Equation (20) is, of
course, much more complicated than Equation (18), and the computation of its every single
summand takes longer. However, for Ao > 1, the Yukawa-Ewald formula (20) alone
becomes superior to the remaining two and the distinction grows as A.¢ becomes larger.
According to Planck 2013 data [2], the lower limit on the periods of tori (in the case of
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chimney topology) is ~20 Gpc. Meanwhile, the current value of the effective cosmological
screening length, as indicated in [29], is 2.6 Gpc. Thus, the region that is defined by Aqg < 1
depicts the observable Universe and, here, as we have just discussed, Equation (18) is
more convenient for numerical analysis.

Table 2. Potentials ® as well as the numbers Texp, lcos and 7y in a selection of points for Aeff = 1 and Agg = 3 in the left

and right tables, respectively.

X i Z P Nexp Mcos Mmix X U] Z D Nexp Mcos Mmix
Aq 0.5 0 0.5 3.783 174 9 15 Aq 0.5 0 0.5 15.93 1418 7 6
Ay 0.5 0 0.1 5.067 163 229 15 Ap 0.5 0 0.1 17.60 1379 120 9
Az 0.5 0 0 5.153 163 — 15 Az 0.5 0 0 17.71 1377 — 9
By 0.1 0 0.5 3.990 171 10 13 By 0.1 0 0.5 16.14 1411 8 6
By 0.1 0 0.1 9.405 133 164 11 By 0.1 0 0.1 22.00 1290 138 9
B3 0.1 0 0 12.34 123 — 10 B3 0.1 0 0 24.96 1242 — 9
C1 0 0 0.5 4.014 170 13 13 C1 0 0 0.5 16.17 1410 8 7
G 0 0 0.1 12.30 123 357 9 G 0 0 0.1 2491 1243 286 9

L
1

-
.0

T

=

T
~" 05

Concluding this section, we also present Figures 1-4, demonstrating the shape of the
rescaled potential ® for the same values of A as those picked for Tables 1 and 2. To plot
these figures (using Mathematica [32]), we use (18) for n > nexp.

-1.0

1.0
6.x1071°
]

/4.x1o-‘°5>

{
f2.x10710
{

Jo

¥
-1.0

Figure 1. ® = [—Gym/(c%al)] & for Ao = 0.01 for the sections z = 0 (left panel) and y = 0 (right panel).

3.2. Gravitational Forces

It is also interesting to study the forces (per unit mass) associated with the alterna-
tive forms of the gravitational potential derived in the previous section. We intend to
consider the projections of these forces on the x- and z-axes. Owing to the symmetry of
the model, the x and y projections are similar. We calculate the gravitational forces for
the same points as for the potentials and, among these, naturally, we only investigate the
points at which projections on the axis of interest are nonzero. In this connection, the
points Ay, A, A3, Cq,C; and the points A3, B are omitted for the x- and z-components,
respectively. The accuracy of force calculations is of the same level as that of the potentials.
Here, once again, we compare the number of terms needed to achieve this accuracy, but
now for three different forms of the gravitational force presentation.
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Figure 4. & = [—Gym/(c%al)] & for Aett = 3 for the sections z = 0 (left panel) and y = 0 (right panel).
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3.2.1. x-Component of the Gravitational Force

From (17), (18) and (20), we derive three alternative expressions for the x-component
of the rescaled force:

-1/2
d & 1
o5 (Peos) = —27 ) Z ( +h5+ 2A2ff>
e

kl——OO kz——OO

X exp <\/47-[2 (k3 +1K3) + ;\% |Z|) kq sin(27tk1 %) cos(27tky7) , (23)
eff

- oo F— k)2 (T — ko )2+ 52
Y - - FF exp( D R ) +z)

kl—foo kz—foo /\eff

X —kq X—ky

[(f — k) + ([ —k)* + 22}3/2 et [(f —k1)? + (7 — k) + 22}

, (24)

R L=l (T N TR St vy
:|3/2

k1= eoky=—oo [(ffk1)2+ (7 — k)? + 22

+ ¥—k . (_ \/(f_k1)2+(y~_k2)2+22)

C_exp hye
e

N L (\/(fk1)2+(}7k2)2+52)

-Cyexp h»
e

F <\/4712 (k3 +Kk3) + ZE_HZ;Z; oc)

+ 4%k sin27t(ki X + ko))
\/4712 B+K3) + A

, (25)

where

c. = cx(wf—kl)%<g—kz>2+zzm;xeﬁ)

2
\2/‘% exp [_ (“\/(f —l)?+ (- k) +22F ZtJé;\eff> ]

1 N > ~ > 1 >
= f —k —k 2 - . 26
effer c(oc\/(x 1)+ —k) +22F Th (26)

+

We present the results of the calculations that were performed in Mathematica [32]
in Tables 3 and 4 for Ay = 0.01,0.1 and Ao = 1,3, respectively. As in the case for the
gravitational potential, a straightforward analysis shows that Formulas (24) and (25) that are
related to the Yukawa and Yukawa-Ewald potentials, respectively, are preferable over (23)
for the physically significant case e < 1 (although the structure of the expression (25) is
again much more complicated compared to (24)). Meanwhile, when A.g > 1, the Yukawa—
Ewald force becomes superior. In both tables, Equation (24) was employed for 1 > nexp
while computing the values of the rescaled x-component ®,.
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Table 3. Numerical values of the x-component of the rescaled force d, = 9d /07 as well as the numbers Texp, Ncos and Mmix
for points By, By and Bj for Agg = 0.01 and Ay = 0.1 in the left and right tables, respectively.

X 7 Z Dy Nexp  Mcos  Mmix X 7 Z Dy Nexp  Mcos  Mmix
B 01 0 05 —2810x107t 1 263 1 B 01 0 05 -2783x10°~ 5 54 5
B, 01 0 01 —3862x107* 1 2448 1 B, 01 0 0.1 —20.75 1 592 1
B; 01 0 0 —4.994 x 1072 1 — 1 B; 01 0 0 —73.57 1 — 1

Table 4. Numerical values of the x-component of the rescaled force d, = 0D /97 as well as the numbers Texp, Ncos and My
for points By, By and Bj for Agg = 1 and A = 3 in the left and right tables, respectively.

X 7 Z D, MNexp Mcos  Mmix X 7 Z D, Hexp Mcos  Mmix
B, 01 0 05 —4730x10"! 130 38 21 B 01 0 05 —4920x10"! 862 38 21
B, 01 0 01 —34.65 20 553 9 B, 01 0 01 —34.88 77 552 13
B; 01 O 0 —99.14 19 — 8 B3y 01 0 0 —99.49 34 — 9

Additionally, we present Figures 5-8, demonstrating the x-component of the rescaled
force & for the same values of A as those picked for Tables 3 and 4. To plot these figures
(using Mathematica [32]), we employ the Formula (24) for 71 >> nexp.

‘\\\
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Figure 5. x-component of the rescaled force @, for Ao = 0.01 for the sections z = 0 (left panel) and y = 0 (right panel).
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Figure 6. x-component of the rescaled force @ for Ao = 0.1 for the sections z = 0 (left panel) and y = 0 (right panel).
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where, for simplicity, Z > 0,
~ 2, 2
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i - exp | — 5
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0z = Z .
. N -
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X

and

0, =
£(¢mix) =
1 = +00 zD (\/(f - kl)2 + (g - k2)2 + 22; @; Xeff)
n 3/2
2 k= [(i—k1)2+ (g—k2)2+22}

; VE—k)P+ (k) +2

— 5 ~ —— C_exp| — =

(X —k1)" + (F — k)" + 22 Aeff

5 \/(x—k1)2+(y~—k2)2+7:2

5 5 -Cyexp =
(F—k)"+ (F— ko)~ + 22 Aeft
1

27t cos[27t (k1 X + ko

)] .
\/4712 (K +K3) + A7

[F exp (—z\/élnz (k2 +K3) + };) + Fyexp (z\/élnz (k2 +1K3) + ;\i) ] ] , (29)
eff eff

where

Fr = F;F(\/47rz(k%+k%)—l—/~\eff2;2;a =

H
N
=

—

%
|
N
—
-
N
+
=~
S
+
>
el
N
H
=
N
N~ —
N

\/4712 (k2 +12) + A2
2n

T \/ 472 (k3 + Kk3) + A_ferfc Faz |, (30)

and Cx are given by (26).

Now, we employ these formulas to calculate the nonzero z-components of the gravita-
tional force at the previously selected set of points and, again, for the desired precision. The
results that were obtained in Mathematica [32] are presented in Tables 5 and 6, which show
that while Ao < 1, depicting well the observational restrictions, two Formulas (28) and (29)
are favorable (as before, the latter is much more cumbersome). On the other hand, for
Aegf = 1, the Yukawa-Ewald Formula (29) gives the best results. Herein, the quantity
®, stands for the z-component of the rescaled force, calculated from Equation (28) for
n > nexp. We depict the behavior of this component in Figures 9 and 10 for the section
y = 0. Obviously, the projection of the gravitational force on the z-axis is absent for the
section z = 0 due to the symmetry of the model.

Table 5. Numerical values of the z-component of the rescaled force d, = 9P /97 as well as the numbers Texp, Ncos and Timix
for points A1, Ay, By, By, C1 and C, for A = 0.01 and Aog = 0.1 in the left and right tables, respectively.

X ] Z D, Nexp  Mcos  Mmix X ] Z D, Nexp  Mcos  Mmix
Ay 05 0 05 —-3962x10% 2 1070 2 | A; 05 0 05 —-1946x10"> 6 47 6
A, 05 0 01 —-5620x10"2% 2 — 2 | A, 05 0 01 —-5620x10"2 2 1647 2
B 01 0 05 —-1405x10"20 1 187 1 B, 01 0 05 —-1407x10"! 2 33 2
B, 01 0 01 —3.862x10* 1 2228 1 B, 01 0 01 —20.75 1 649 1
C; 0 0 05 —-393x10"20 1 240 1 C; 0 0 05 -—-1620x10"! 3 44 3
C, 0 0 01 —4994x102 1 1620 1 C, 0 0 01 —73.58 1 722 1
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Table 6. Numerical values of the z-component of the rescaled force &, = 9P /097 as well as the numbers Texp, cos and Ny

for points Ay, Aa, By, By, C; and C; for Ay = 1 and Agg = 3 in the left and right tables, respectively.

X ] z D, Nexp Ncos Nmix X ] z D, Nexp Ncos Nmix
Aq 0.5 0 0.5 —3.571 85 21 15 Aq 0.5 0 0.5 —5.072 444 21 11
Ar 0.5 0 0.1 —1.673 64 900 15 Ay 0.5 0 0.1 —2.037 331 863 13
By 0.1 0 0.5 —5.045 74 20 13 B 0.1 0 0.5 —6.593 397 19 9
By 0.1 0 0.1 —35.48 15 444 5 By 0.1 0 0.1 —36.04 57 444 8
C 0 0 0.5 —5.241 73 26 13 C1 0 0 0.5 —6.795 392 24 12
G 0 0 0.1 —99.97 8 678 4 G 0 0 0.1 —100.7 21 677 7
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Figure 10. z-component of the rescaled force & for Aeff = 1 and A = 3 (left and right panels, respectively).

4. Conclusions

=
ST

In this work, we have studied how the chimney topology T x T x R of the Universe
affects the form of the gravitational potential and, consequently, that of the gravitational
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force. In this connection, we have proposed three alternative forms for each of the solutions.
One of them (see Equation (17)) relies on the Fourier expansion of the delta functions into
series while using periodicity in two toroidal dimensions in the model. The second one
(see Equation (18)) follows from the summation of solutions of the Helmholtz equation,
each in the form of the Yukawa potential, for a source mass and all of its periodic images.
Finally, the third form of the potential (see Equation (20)) is formulated via the Ewald
sums for Yukawa potentials. Subsequently, we have presented three alternative forms of
the gravitational force (see Equations (23)—(25) and (27)—(29) for the x- and z-components,
respectively) derived from the potential expressions.

In all three alternative forms, the screening length A serves as a crucial parameter,
as it specifies the distance (from the source or the periodic images) where the gravitational
potential undergoes exponential cutoff. This fact is most clearly demonstrated in the case
where the solution takes on the form of summed Yukawa potentials (18). The observational
data show that this parameter should be less than 1 (Aeg < 1) in today’s Universe.

One of the main goals of this work was to reveal which of the obtained alternative
formulas would serve better as a tool to be employed in numerical calculations. Namely, to
show which formula would require less terms in the series to reach the desired precision.
Our calculations have demonstrated that, for both the gravitational potentials and forces,
two expressions involving plain summations of Yukawa potentials are preferable for the
physically significant case Ao < 1. However, in the case Ao 2 1, the Yukawa-Ewald
presentation stands out as the best alternative.

Additionally, we have produced Figures 1-10 for }\eff = 0.01,0.1,1,3 to provide
graphical demonstration of the gravitational potentials and force projections.
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