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ARTICLE INFO ABSTRACT

Keywords: In 1961, the Polish astronomer, Kazimierz Kordylewski found dust clouds around the triangular Lagrange points

Celestial mechanics L4 and L5 of the Earth-Moon system. After this discovery, several astronomers observed the Kordylewski dust

EMarth clouds (KDCs) with photometry or ground-based imaging polarimetry, altogether 21 times. Remarkably, the L5
oon

KDC has been detected three times (16) more than the L4 one (5). This may be due to varying sky and/or as-
tronomical conditions during the KDC observations; for example, the Sun and Moon must be deep enough below
the horizon, and the atmosphere must be as aerosol-free as possible. To reveal an additional possible physical
reason for the asymmetric frequency of KDC observations, we performed computer simulations. We determined
the particle capture at the L4 and L5 points in a 28-day period before the 21 published KDC observations. We
found that the L5 point had by maximum 9% larger particle capture than L4, depending on the date of obser-
vation. We propose that this bias of the particle capture may be one of the reasons why the KDC has been

Triangular Lagrange points L4 and L5
Kordylewski dust cloud

observed more frequently around the L5 Lagrange point than around L4.

1. Introduction

On 22 February 1906, Maximillian Wolf (cf. Simpson, 1967)
discovered 588 Achilles, the first member of the Greek group of asteroids
around the L4 Lagrange point of the Sun-Jupiter system. On 17 October
of the same year, August Kopff (cf. Simpson, 1967) observed 617
Patroclus, the first asteroid of the Trojan group around Jupiter’s L5
Lagrange point. After these antecedents, the Polish astronomer, Kazi-
mierz Kordylewski began to search for similar small solid celestial
bodies at the points L4 and L5 of the Earth-Moon system, but his attempt
was unsuccessful. From December 1953 to June 1956, Clyde Tombaugh
(Tombaugh et al., 1959), the discoverer of Pluto, also searched for small
solid bodies around the L4 and L5 points of the Earth-Moon system,
again without success. In 1956 the Polish astronomer, Josef Witkowski
suggested Kordylewski to look for dust clouds instead of solid bodies. In
March 1961 Kordylewski found a dust cloud around the L5 point and
another one in September around the L4 point of the Earth-Moon system
with naked eyes and photographs (Kordylewski, 1961).

After the discovery of Kordylewski (1961), many professional and
amateur astronomers tried to find the Kordylewski dust clouds (KDCs),
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but without success for a long time. On 4 January 1964 Simpson (1967)
and his colleagues (R. G. Miller, G. Gardner) observed the KDC around
the L5 point. Thereafter, until 1967 they took about 100 photographs of
the KDC, which were too faint for newspaper reproduction, like the
pioneering Kordylewski’s photos. In 1966 the NASA organized airborne
observations of the KDC. During four flights on 1, 2, 10, and 12 March
the astronomers on board observed visually and photographically the
KDCs. They flew far from city lights at an altitude of 12,000 m and
observed both the L4 and L5 KDCs (Simpson, 1967; Vanysek, 1969).
Roosen (1966, 1968) did not find the KDC around the L5 point. Wolff
et al. (1967) could photograph the L5 KDC from the mentioned NASA
aircraft. Using numerical simulations, Roser (1976) investigated the
lifetime of dust particles remaining in the vicinity of the Earth-Moon L4
point and the surface brigthness of the L4 KDC. He concluded that the
conditions are not favourable for the existence of the KDCs, and there-
fore he did not believe that these dust clouds exist. Valdes and Freitas Jr.
(1983) found no dust clouds around the L4 and L5 points. Roach (1975)
and Winiarski (1989) photographed the L5 KDC. Using ground-based
imaging polarimetry, Sliz-Balogh et al. (2019) observed the L5 KDC.
Table 1 summarizes the details of the published observations and
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Table 1
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Dates of published observations and names of observers of the Kordylewski dust cloud around the L4 and L5 Lagrange points of the Earth-Moon system.

L4 observations (5) L5 observations (16)

observer(s)

6, 8 March 1961

6 April 1961

3, 4 September 1961

4, 6, 7 January 1964

13 February 1966

10, 12 March 1966

18, 19, 20 February 1976
17, 18 August 2017

16, 17, 18 September 1961

1, 2 March 1966

K. Kordylewski

L. W. Simpson, R. G. Miller, G. Gardner

L. W. Simpson

astronomers of NASA flights (Lockheed plane photography) and L. W. Simpson
M. Winiarski

J. Sliz-Balogh, A. Barta, G. Horvath

observers of the L4 and L5 KDCs.

It is clear from Table 1, that the L5 KDC has been observed about
three times more than the L4 KDC. What can be the reason for this
asymmetry? To answer this question, we performed computer simula-
tions, in which we determined the particle capture at the L4 and L5
points in a 28-day period before the published observations of the KDCs
listed in Table 1. We found that the L5 point had a maximum of 9%
larger dust capture than the L4 point. We propose that this asymmetry
can be one of the reasons why the KDC has been observed more
frequently around the L5 point than around L4.

Sliz-Balogh et al. (2018) showed that both the radial solar radiation
pressure and the Poynting-Robertson (P-R) drag force are negligible
relative to the gravitational force for particles with a radius larger than
1 pm, whereas particles with radii of 0.1-0.5 pm can be ejected from the
vicinity of the L5 point after a longer period. Consequently, in our
present short-term (10 years) simulation we neglected the effects of both
forces, which turned out to be unimportant for larger (> 1 um) particles.
Furthermore, based on the simulations of Jorba-Cusco et al. (2021), we
assumed that there is no difference in the influence of the solar radiation
pressure on L4 and L5.

With their simulations, Salnikova and Stepanov (2020) showed that
electric charged particles can form a stable configuration in the first two
synodic months in the vicinity of the KDCs. Since in the behaviour of
charged particles they did not find any difference between the simulated
L4 and L5 dust clouds, we neglected the charge effect. The magnetic
effects were also not taken into consideration in our simulations,
because — similar to the concentration of charged particles — the con-
centration of magnetic particles in the KDCs is unknown. Hence, we
focused here exclusively on effects of the dominating gravitation. The
study of the influence of charge and magnetic effects on the asymmetry
between the particle capture of the L4 and L5 KDCs can be an interesting
task of future research.

2. Model and methods

Our computations were performed in the heliocentric ecliptic coor-
dinate system Sun-xyz, that is rotated so that the axis x points toward the
perihelion of the Earth (Fig. 1). The Sun, Earth and Moon were
considered as mass points.

The elliptical motion of the center of mass C of the Earth-Moon
system around the Sun was calculated on the basis of the well-known
formalism of the two-body problem (Fig. 1). The time-dependent
Moon’s orbit around the Earth was described by an analytical algo-
rithm developed by Chapront-Touzé and Chapront (1988). The co-
ordinates of the L4 and L5 points were calculated in the orbital plane of
the Moon.

The motion of a particle with mass m,, started from the vicinity of the
L4 or the L5 point of the Earth-Moon system was described by its
equation of motion in the coordinate system Sun-xyz (Fig. 1), taking into
account the gravitational influence of the Sun, Earth, and Moon:

L w o
MpXp = axp:mp)p = oy, mpZp = P
with
=
U= *sz:r_njvrpj = \/(xp —x5)2 4 (0 —3i)2 + (% —7)%i = 1,2,3

j=1 P)

(2)

where x;,, yp, 2, are the heliocentric rectangular coordinates of the
particle (the dot means differentiation with respect to time), j =1, 2, 3
stands for the Sun, Earth, and Moon (main bodies), U is the potential
energy of the particle, G is the gravitational constant, m;j (> > m,) is the
mass of the main bodies, and r; is the distance between the particle and
the j-th mass. For the Sun x; = y; = 2; = 0 was assumed, which is an
allowable approximation. The exact potential of the particle would be:

j=3 j=3
U =GR G (ryry),
= = 3)
ry=r—ryj=2,3
if the average distance.
6= rSEimEM =4.5510°m 4)
Mgm T+ Mg

of the Sun’s center from the center of mass of the Sun-Earth-Moon sys-
tem were not negligible relative to the Astronomical Unit = rgg =
1.4956-10! m, where mgy = 6.0471-10%4 kg and mg = 1.9891-10%" kg
are the mass of the Earth4+Moon and the Sun, respectively. The second
sum in (3), namely the indirect perturbation of the Earth and Moon, can
practically be ignored in our model, because of the negligible distance 5.
Our model has the following advanced characteristics: (i) It describes
the Moon’s very complicated orbit by the Chapront’s function (Chap-
ront-Touzé and Chapront, 1988), which takes into consideration not

perihelion
X of the Earth

ecliptic plane

Fig. 1. Not-to-scale schematic drawing of the elliptic orbit (with eccentricity e
= 0.0167) of the center of mass C of the Earth-Moon system around the Sun in
the plane of the ecliptic, and the elliptic orbit of the Moon and the Lagrange
points L4 and L5 of the Earth-Moon system around C in a plane inclined with o
= 5.145° to the ecliptic. L4 and L5 are in the vertices of two equilateral tri-
angles formed by the Earth, Moon and L4/L5. L4 leads the Moon and L5 fol-
lows it.
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only the Sun’s gravitational perturbation onto the Moon, but also that of
the Venus, Mars and Jupiter. (ii) It considers the fact that the center of
mass of the Earth-Moon system moves approximately (with a relative
deviation <107®) along an ellipse with excentricity e = 0.0167 around
the Sun. (iii) It considers the fact that the plane of the Moon’s orbit is
tilted by 5.145° relative to the ecliptic.

The system of Eq. (1) was converted into a system of first-order
differential equations. The latter was numerically integrated by a
Runge-Kutta-Fehlberg 7(8) integrator (Fehlberg, 1968) with an adaptive
step size determined by the accuracy of 10~ 6. During these calculations
the length and time units were the astronomical unit (AU) and the day
(= 86,400 s). Our computer simulations have been run on the ELTE HPC
2019 supercomputer.

The source of the KDC is the uniformly distributed interplanetary
dust (Jorgensen et al., 2020). Due to perturbations, the particles trapped
at L4 and L5 do not remain there for a long time. Therefore, like in Sliz-
Balogh et al. (2018), we considered a particle trapped at L4/L5, if it
remained in a spherical shell with origin at the Earth’s center for 3650
days (= 10 years) with minimum and maximum radii ryj, = 0.5r0 <r <
Tmax = 1.579, where ry = 384,400 km is the average Earth-Moon distance
and xwmo, Ym0, 2M0> XE0> YE0, 2E0 are the initial coordinates of the Moon
and the Earth at starting time ty. After many attempts, we chose this
large shell, because particles remaining within this shell for 3650 days
(during which many of them have detached from the Lagrange points)
form a coherent core for 28 days (= 1 lunar month). Considering such a
sphere is the established custom in the study of the motion of particles
around the Lagrange points. For a given ty, the equations of motion were
solved for 90,000 particles, the starting positions of which were uni-
formly distributed in a rectangular initial domain centred around L4 and
L5 in the orbital plane of the Moon (Fig. 2). The long axis of a given
rectangular initial domain (of size 0.0007 AU x 0.00044 AU) was
perpendicular to the radius pointing to L4/L5 from the Earth (Fig. 2).
The initial velocities of particles were equal to that of L4/L5. The Sup-
plementary Table S1 gives the positions and velocities of the L4 and L5
points for the dates t( of published observations listed in Table 1 (with
those of the Earth and Moon).

According to Sliz-Balogh et al. (2018), the particles trapped 28 days
earlier than the observation of the KDC (Table 1) contribute only
minimally to its structure, because after that time the dust is smoothly
distributed. Therefore, we modelled the formation of the KDC as follows:

(i) In the first step, for a given date t( of observation (Table 1), the
equation of motion (1) was numerically integrated for 10 years
(= 3650 days) for 90,000 particles, the initial positions of which
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were distributed uniformly in the initial domain (Fig. 2, Supple-
mentary Table S1). After this 10-year simulation, we considered
further on only those particles, which remained within the crit-
ical spherical shell ryin, = 0.5r9 < 1 < rpax = 1.5r9, where ry =
384,400 km is the average distance of the Moon from the Earth.
By this, we selected those particles which have the good fortunate
not to escape from the vicinity of the L4/L5 points. They are
called as ‘trapped particles’ henceforth, though they can be
anywhere within the mentioned critical shell, sometimes even far
from L4/L5. The black dots in Fig. 2A, for example, represent the
initial positions of such ‘trapped’ particles.

(i) In the second step, for a given date 7 of observation (Table 1), we
computed only the motion of ‘trapped’ particles starting from
their (black) positions (Fig. 2A) in the initial domain on date T =
7o — 1, that is on the i-th day before 7). We followed the motion of
these particles up to T = 7, finally obtaining and depicting their
positions at tg. These particles constituted a ‘particular dust
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2001 7 August 1961 - 3 September 1961 (L.5)

number N, of trapped particles

L L L

0 ' '
=28 -23 -18 -13 -8 30 =1
i-th day on and before observation

Fig. 3. Numbers Nj 4 (red) and Nj 5 (blue) of particles (i =1, ..., 28) trapped
by the Lagrange points L4 and L5 of the Earth-Moon system on the i-th day (=
time along the horizontal axis) before 3 September 1961 (i = 1) being one of the
days of observation of L5 (Table 1). For the sake of better visualization of the
temporal change of Nj4 and Nj s, the neighbouring data points are connected
with a line as the simplest interpolation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. (A) Initial positions (red dots) of particles around the Lagrange point L4 (black cross) of the Earth-Moon system on 8 February 1961. These positions are in the
grid points of a rectangular domain centred around L4. The black dots represent those initial positions of particles which do not escape for 3650 days from the critical
spherical shell with minimum and maximum radii rin = 0.579 < 1 < rmax = 1.5r9, where ro = 384,400 km is the average distance of the Moon from the Earth. (B)
Initial domains (red rectangles) of particles around L4 (black cross) belonging to every second day within a 28-day period before 6 March 1961 which was the date of
the first observation of the KDC at L5 (Table 1). The Earth is at the origin. (C) Initial domains (blue rectangles) of particles around L5 with the same conditions as in B.
All three representations are in a geocentric ecliptic coordinate system. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 4. The summed dust cloud around the

7 August - 3 September 1961 55

Lagrange points L4 (A) and L5 (B) of the
Earth-Moon system cumulated within the 27
days before and on 3 September 1961 (being
one of the days of observation of L5, Table 1)
in a geocentric ecliptic coordinate system x-y
(in Astronomical Unit = AU). The positions
of L4 and L5 is represented by a black cross,
while the particles trapped on different days
are depicted by differently coloured pixels.
The three-dimensional interactive versions
of these summed dust clouds are available in
the Supplementary Stereo Cubes C7 and C8.
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cloud’ observed on date 7, but started on the i-th day before
7o (Fig. 3). This procedure was performed 28 times for a given
date t( (Table 1): for the day of observation (i = 0), and for the 27
days (i =1, ..., 27, where i is the serial number of the day of a
particular simulation) before every 7¢. Finally, the obtained 28
different particular dust clouds were summed up and depicted,
resulting in the ‘summed dust cloud’ (Figs. 4, 5). This summed
dust cloud was considered as the simulated KDC observed at a
given date 7o (Table 1).

Of course, on a given date 7 there still exist the particles which will
escape from the critical shell within 10 years, but remain in this shell for
i days. These ‘non-trapped’ particles constitute a homogeneous back-
ground (‘noise’) of the summed up dust cloud (see Fig. 6).

3. Results

Fig. 3 illustrates the numbers Nj 14 and Nj 15 of particles i =1, ..., 28)
trapped by the Lagrange points L4 and L5 of the Earth-Moon system on
the i-th day before 3 September 1961. Supplementary Fig. S1 shows Nj 14
and Nj ;5 of particles trapped by L4 and L5 on the i-th day before the date
To of observation of L4 or L5 for all remaining days of observation
(Table 1). Sometimes Ni,L4 > Ni,LS or Ni,L4 < Ni,LS, while other times Ni,L4
~ Nj1s5. Many times both curves Nj14 and Nj;s5 increase or decrease
simultaneously with time, but several times they change oppositely
(Fig. 3).

Fig. 4 shows the summed dust cloud around L4 and L5 cumulated
within the 27 days before and on 3 September 1961 (Table 1). The
filamentary structures of both dust clouds are qualitatively similar.
Different filaments (coded by different colours) represent different
populations of trapped particles. The older the population, the longer is
its filament. The same characteristics can be seen in Supplementary
Fig. S2 displaying the summed dust clouds around L4 and L5 cumulated
within the 27 days before and on the other 20 days of observation
(Table 1).

Table 2 contains the total numbers Np4 = ZizlzsNi, 14 and Ni5 =
Ei:lzsNi, 15 of particles trapped by L4 and L5 within 27 days before and
on 1o, where Nj14 and Nj;5 (i = 1, ..., 28) are the number of trapped
particles on the i-th day before the date of observation of L4 or L5. Ac-
cording to Table 2, Ny 5 is always larger than Ny 4. Therefore, the quotient
q = (N15 - N14)/Ny5 is always positive ranging between 0.7% and 8.9%
(Table 2). This bias of the total number of particles trapped by L4 and L5
demonstrates that the KDC around L5 may be denser than that around
L4. However, for the photometric observability of the KDC the density of
light-scattering particles is of importance, rather than their number.

5 10 15 20 25 30
x (10° A1)

Therefore, we calculated the numbers ny 4(r) and ny5(r) of particles of the
summed dust clouds within a sphere with radius r centred at L4 and L5
observed on the days listed in Table 1, because the particle density 3n4,
15(r)/(4nr?) is proportional to ni4,15. According to Fig. 5A and Supple-
mentary Fig. S3, sometimes, ny4(r) ~ nps(r) for r < 5000 km (Fig. 5A,
Supplementary Figs. S3 E, F, G, I, J, K, L, M, Q, R). More frequently,
np4(r) < nps(r) for r > 15,000 km (Figs. 5A,B,C, Supplementary Figs. S3
B,D,E,F,G H,1J,K L M,N, Q, R). Most often, ny4(r) < nys(r) forr <
15,000 km (Figs. 5B,C, Supplementary Figs. S3A,B,C,E, F, G, H, L, J, K,
L, M, N, O, P, Q, R). Since the density of light-scattering particles of the
KDC is highest in its core, the latter is the easiest to be observed
photometrically. Therefore, considering the visibility of the KDC in L4
and L5, the relation between np4(r) and ny5(r) is of particular importance
for the central region r < 15,000 km. The fact, that the asymmetry ny4(r
< 15,000 km) < nps(r < 15,000 km) dominates, can explain why the
KDC has been more frequently observed around L5 than L4 (Table 1).

It should be noted that the uniformly distributed interplanetary dust
forms a homogeneous background as shown in Fig. 6 for 6 March 1961.
For better visibility of the KDC and due to the assumed homogeneity of
the interplanetary dust, this background is neither shown in Figs. 2-5,
nor included in Table 2.

On the basis of the above results we propose that the asymmetric
particle capture of the L4 and L5 points and the bias of the particle
density (Fig. 5, Table 2) can be one of the reasons for the easier
observability of the L5 KDC.

4. Discussion

The celestial mechanical problem studied by us in the Sun-Earth-
Moon-particle system is a semi-elliptical restricted four-body problem
(semi, because the Moon’s orbit around the Earth is not an exact ellipse,
and the model we used, developed by Chapront-Touzé and Chapront
(1988), takes into consideration also the Sun-, Venus-, Mars- and
Jupiter-induced perturbations), rather than a circular restricted three-
body problem. In this work we showed by numerical simulations that
the introduction of (i) an additional mass, the Sun, (ii) the ellipticity of
the Earth’s and Moon’s orbits, and (iii) the tilt angle of the Moon’s
elliptical orbit (relative to the ecliptic plane) to the circular restricted
three-body problem changes the dynamical behaviour of dust particles
around the L4 and L5 points. One of the consequences of this is the
asymmetry between the numbers of particles and the core density of the
L4 and L5 KDCs. We admit that presently we do not understand the exact
physical reasons for the development of this asymmetry. Our result
obtained by computer simulations could inspire theoreticians to find a
physical explanation of this unexpected asymmetry.
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Fig. 5. Numbers ny4 (red) and n;5 (blue) of particles of the summed dust clouds
around L4 (red) and L5 (blue) as a function of the radius r of a sphere centred at
L4 and L5 observed on 3 September 1961 (A), 10 March 1966 (B) and 13
February 1966 (C). Although n is depicted here only up to 70,000 km, the
capture criterion was that these particles do not escape from the shell with
minimum-maximum radii 0.5r¢p-1.5ry (ro = 384,400 km) for 3650 days. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

For an optimal observability of the KDC many environmental con-
ditions have to be satisfied:

(i) The sky must be perfectly cloud- and aerosol-free.
(ii) The Moon must be below the horizon to eliminate the disturbing
moonlight scattered in the atmosphere.

(iii) The declination of the Moon should be as high as possible
(highest in winter) in order to minimize the light path in the at-
mosphere and the disturbance of artificial lights.

(iv) The Sun must be more than 18° below the horizon to ensure
enough darkness of the sky.

(v) The KDC must not be near the Milky Way, or the antisolar point,
or bright celestial objects.

(vi) For photometric observations the phase angle of the KDC (Earth-
KDC-Sun) should be near 0°.

(vii) For imaging polarimetric observations the KDC’s phase angle
should be approximately 90°.

Icarus 374 (2022) 114814

Note that both the L4 and the L5 KDCs cannot be seen on the same
night, because the L5 KDC is observable prior to moonrise, while the L4
KDC is detectable only after moonset. Since all these conditions are
simultaneously satisfied only very rarely, it is extremely difficult to
detect the KDC. According to Table 1, the KDC in the L5 Lagrange point
was three times more frequently observed than in L4. On the one hand,
one of the reasons of this observational asymmetry could be simply the
random selection of appropriate nights of observation. On the other
hand, when L5 was in observable position, the above-mentioned envi-
ronmental conditions might have been more favourable than for L4.
However, the hunt for both KDCs happened for decades by several re-
searchers including K. Kordylewski (see Table 1) due to the trendyness
of KDCs, therefore in our opinion the threefold asymmetry cannot be
explained by the mentioned reasons. Therefore, we examined a possible
physical reason: we determined the particle capture of the L4 and L5
points by computer simulations in a 28-day period before the published
observations of the KDC (Table 1). Note that most of the previous studies
investigated the dust cloud formation around either the L4 (Erdi et al.,
2009; Salnikova et al., 2018) or the L5 (Sliz-Balogh et al., 2018)
Lagrange point. Therefore, obviously, no asymmetry between their
particle capture could have been found.

Montesinos et al. (2020) found also that in protoplanetary disks the
total mass of the trapped particles is more significant in L5 than in L4.
Lhotka and Celletti (2015) showed the asymmetry of stability of L4 and
L5 in the spatial, elliptic, restricted three-body problem applying the
effect of Poynting-Robertson drag. Furthermore, let us not forget the
well-known asymmetry of Jupiter’s Trojan and Greek asteroids (Robutel
and Souchay, 2010).

Another reason for the more frequent detection of the L5 KDC may be
that the interplanetary dust supply is temporally not uniform. Recently,
Jorgensen et al. (2020) analyzed the distribution of interplanetary dust
detected by the Juno spacecraft. They found that close to the Earth’s
orbit — including the triangular Lagrange points and their surroundings —
the interplanetary dust is more or less evenly distributed. Thus, in our
simulations we assumed a spatiotemporally uniform dust distribution.
Remarkably, in spite of the assumed homogeneity, we found a maximum
9% asymmetry between the numbers of particles trapped by the L4 and
L5 Lagrange points of the Earth-Moon system.

Fig. 3 and Supplementary Fig. S1 demonstrate well this asymmetry
between the numbers of particles captured daily by each triangular
Lagrange point. Although this number asymmetry is striking, it says
nothing about the local density of the dust cloud, which is the most
important considering the observation of KDC. Although L5 trapped
maximum 9% more particles than L4 (Table 2), this again does not
necessarily mean the easier observability of the L5 KDC compared to the
L4 one, because the particle density is of importance as mentioned
before.

The estimated radius of the core of the KDC observed around L5 on
17 and 18 August 2017 is about 25,000 km (Sliz-Balogh et al., 2019).
Within this radius, the L5-trapped particles are more numerous (in two
cases by about 30%, see Supplementary Figs. S3 K,L) than the L4-
trapped ones in 17 cases of the 21 simulated summed dust clouds
(Fig. 5, Supplementary Figs. S3A,B,D,E,F,G,H,,J,K,L, M, Q, R). In
the remaining 4 cases (Supplementary Figs. S3 C, N, O, P), the same is
true, but only for r = 15,000 km.

Hence, in the case of a uniform and continuous interplanetary dust
distribution, L5 captures more particles than L4, and the central core of
the former is denser than that of the latter. Consequently, the three-
times more frequent observation of the L5 KDC relative to the L4 KDC
can also be explained by this purely celestial mechanical finding, beside
the random selection of appropriate nights for KDC observation and/or
the above-mentioned favorable environmental conditions.

Note that 3 times more particles of the L5 KDC are not necessary at all
for its 3 times more frequent observation relative to the L4 KDC: Let the
minimum number of core particles necessary to observe a KDC be Npjp.
If the number of core particles Ny 4 of the L4 KDC were smaller than Ny
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Fig. 6. The core of the summed dust cloud (coloured dots) around the Lagrange points L4 (A) and L5 (B) of the Earth-Moon system cumulated within the 27 days
before and on 6 March 1961 together with the uniformly distributed dust-background (grey dots) in a geocentric ecliptic coordinate system x-y (in Astronomical Unit

= AU). The positions of L4 and L5 are represented by a black cross.

Table 2

Column 1 (from left): Date of published observations t, of the Lagrange points L4
and L5 of the Earth-Moon system. Column 2: Total number Ny4 = 3 ;_12°N; 14 of
particles trapped by L4 within 28 days, where Nj 14 (i =1, ..., 28) is the number
of trapped particles on the i-th day before the date of observation of L4 or L5.
Column 3: Total number Ni5 = ZizlzsNi, 15 of particles trapped by L5 within 28
days, where Nj ;5 (i=1, ..., 28) is the number of trapped particles on the i-th day
before the date of observation of L4 or L5. Column 4: Quotient ¢ = (N5 - N1.4)/
N]_s.

Date 1, of observation of L4 or L5 Ni4 Nis q

6 March 1961, L5 27,494 28,753 4.4%
8 March 1961, L5 27,509 28,802 4.5%
6 April 1961, L5 30,318 30,758 1.4%
3 September 1961, L5 26,147 28,236 7.4%
4 September 1961, L5 26,041 28,151 7.5%
16 September 1961, L4 26,567 28,051 5.3%
17 September 1961, L4 26,516 28,084 5.6%
18 September 1961, L4 26,591 28,222 5.8%
4 January 1964, L5 27,298 29,919 8.7%
6 January 1964, L5 27,543 30,023 8.3%
7 January 1964, L5 27,756 30,243 8.2%
13 February 1966, L5 26,071 27,416 4.7%
1 March 1966, L4 26,460 28,207 6.1%
2 March 1966, L4 26,515 28,847 8.0%
10 March 1966, L5 26,382 28,845 8.5%
12 March 1966, L5 26,302 28,891 8.9%
18 February 1976, L5 28,233 28,521 1.0%
19 February 1976, L5 28,275 28,492 0.7%
20 February 1976, L5 28,235 28,544 1.1%
17 August 2017, L5 29,923 30,921 3.2%
18 August 2017, L5 30,140 30,812 2.2%

(> Nip4), but Ni5 were larger than Npi, (< Nys) by 0.7-8.9%, for
example, then L4 could never be observed, while L5 could always be
observed under appropriate astrononomical and meteorological condi-
tions. Hence, in principle, a minimal excess number of core particles
trapped by the L5 KDC is enough to explain practically any higher
observed factor relative to the L4 KDC. Consequently, the obtained
0.7-8.9% excess of the L5 KDC can give rise to the observed factor 3
difference in KDC detections. Since presently the value of threshold Ny,
is unknown, the dependence of the sensitivity of KDC detection on this
threshold cannot be quantified. Based on the above argument, a random
selection of appropriate nights of observation would be less likely than
the found maximum 9% increase of particles at the L5 point over the L4
point.

On the other hand, as an extreme case let us assume that 3-times
more or 3-times less particles of a dust cloud would be needed for its

3 times more or 3-times less frequent observation than another dust
cloud. Supposing that the starting number N of particles of a dust cloud
increases/decreases by increment/decrement € = 0.007-0.089 (=
0.7-8.9%) in every year/decade/century/millenary, for example, the
particle number reaches a 3-times value 3Ng = (1 + €)"-Ng or a 1/3-times
value No/3 = (1-e)™Ny after n years/decades/centurys/millenaries,
where n = log10(3)/log10(1 + €) &~ 13-158 or n = log10(1/3)/10g10(1-€)
~ 12-156. Note that the possibilities of asymmetric capture rates and
asymmetric escape rates are equally important.

To find the exact reasons of the asymmetric capture/escape rates of
the triangular Lagrange points of the Earth-Moon system specially, and
of the Solar Sytem (e.g. the Trojan and Greek asteroids in the Sun-Jupiter
system) generally, further computer modellings are necessary. The dy-
namics of the KDCs of the Earth and Moon should also be studied
thoroughly by wide (minimum 15° x 15°) field-of-view imaging polar-
imetry in arid regions with ideal (clear-sky, light-pollution-free) astro-
climate. Wang et al. (2021) also suggested to continue the ground- and
space-based observation of the KDCs.

5. Conclusion

To find a possible celestial mechanical reason for the 3:1 asymmetric
frequency of observations of the L5:L4 Kordylewski dust clouds (KDCs)
of the Earth-Moon system, we determined the particle capture at the L4
and L5 points in a 28-day period before the 21 published KDC obser-
vations. We found that the L5 point had by maximum 9% larger particle
capture than L4, depending on the date of observation. This bias of the
particle capture may be one of the reasons why the KDC has been
observed 3-times more frequently around the L5 Lagrange point than
around L4.
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