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Abstract: Data about heavy 72 bodies in the Solar System are used for building mass-diameter and
mass-density log-log plots as well as a separate mass-density diagram using 28 massive solid bodies. The first
diagram shows well-defined parabolic dependence within the dataset with a standard mean square deviation of
16%. It includes a range of 12 magnitudes by mass and 4 magnitudes by diameter, including the Sun and bodies
with diameters of above 100 km. The second diagram shows a wide parabolic main sequence built on giant planet
cores, planets, dwarf planets and planet satellites. On this diagram the majority of the asteroids have a high
density. The third diagram presents detailed distribution of planets, dwarf planets and massive planet satellites, 28
objects in total. The mass-density diagrams reveal a few groups of bodies. For example, the satellites Jo, Europa
and Moon show relatively high density and the satellites Ganymede, Calisto and Titan show relatively low density.
For the purposes of completeness the rule of Titius-Bode-Dermott is shown at the end. It is presented in its
contemporary notation as a linear dependence of the logarithm of the orbital period on the number of the objects
with a standard mean square deviation of 23-25%. 13 objects including the Sun, the planets and the dwarf planets
Ceres, Pluto, Eris and Sedna are used.

PA3NPEOEJNIEHUA HA TEJIATA OT CJTbHYEBATA CUCTEMA
Nno MACU, NNTbTHOCTU U OPBUTHU

LiBetaH Neoprues

Pesrome: [JaHHu 3a 72 mena om CnbHYesama cucmema ca u3rosseaHu 3a nocmposieaHe Ha Ouagpamu
Maca-Ouamembp U Maca MNiIbLMHOCM 8 Jlo2apummuyHu KoopOuHamu, kakmo u Ha demadnHa Ouaspama maca-
nabmHocm 3a 28 MacueHu obekmu.

lbpeama Ouazpama riokazea 0obpe odepmaHa napabosuyHa 3agucuMocm CbC cpedHO-Kk8adpamuyHO
omkroHeHue 16%. Ts obxsawa 12 nopsidbka o maca u 4 nopsid0bka rno Ouamemsbp — om CrabHUemo 00
nnaHemHu crmbmHuUyu u acmepoudu ¢ uamemnbp 0kos1o 100 km.

Bmopama Ouazpama noka3sa wupoka napabonuyHa .2rnaeHa mnocnedosamenHocm' om sidpa Ha
naHemu-aueaHmu, naaHemu, niaHemu-0Xxyoxema u ninaHemHu CribmMHUYU.

Tpemama duaepama npedcmaessi OemalisiHo pasnpedenieHuUe Ha MacugsHume mersna, obwo 28 obekma.

Huazpamume maca — nmbmHocm (8mopama u mpemama duazpamu), U3si8s8am HSKOMIKO epyru mena.
lMbpeume Oge ca o4e8UOHO 4 euzaHmcKu nnaHemu u 3 2onemu nnaHemu (om 3eMHama epyna, ¢ MHO20 8UCOKa
cpedHa nmemHocm, 6e3 Mapc). O6ekmume Mo, flyna u Eepona, 3aedHo ¢ Mapc, noka3séam OmHOCUMENHO
8ucoka nabmHocm u mo2am 0a 6b0am HapedeHu MexXKu Mmanku rnnaHemu. CnemHuyume aHumed, Kanucmo,
TumaH u TpumoH, 3aedHo ¢ [lnymoH, u rnoka3zgeam OMHOCUMESIHO HUCKa MabmHocm u Moeam da 6bdam
HapeyveHu neku masku nnaHemu. MHoxecmeo dpyau obekmu (CedHa, Opkyc, Makemake, Anem, Temuc, BapyHa
u 0p.) cnedea da b6bO0am HapedyeHU nnaHemu -0xyodxema. Yak crned mosa udeam HaucmuHa MasKu mebpou
merna om CribHYe8ama cucmema.

B nocnedHume dse Quaepamu, 3a nbAHomMa, € uncmpupaHo u npasunomo Ha Tuyuyc-bode-Jbpmom &
cbepeMeHHa ¢hopMa, Kamo suHelHa 3asucuMocm Ha flo2apumbMa Ha opbumarnHusi nepuod om HoMepa Ha
obekma, cbC cpedHo-K8adpamuyHO omkroHeHue 23-25 %. BkntoyeHu ca 13 obekma, cped koumo CrbHUemo,
nnaHemume u rnnaHemume-0xyoxema Llepepa, lMnymoH, Epuc u CedHa,

Introduction

The development of the astronomical science and the space research and technologies have lead to
the specification of the primary physical parameters of a number of small bodies of the Solar system
that are classified as planetary satellites, dwarf planets or asteroids. Together with these results one
can see the big variety in objects with respect to their mean densities, and also the necessity to have
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an up-to-date comparison of the basic astronomical parameters of these bodies. The results from this
comparison presented below provide a generalized picture about the bodies in the Solar system and
lead to their division into groups according to their mean density. With this respect important are not
only the Sun, the planets giants and the planets from the group of the Earth, but also some heavy
small planets, light small planets, planets dwarfs and other small bodies. A contemporary diagram of
the rule of Titius-Bode-Dermott is included in half-log coordinates, including even the dwarf Sedna.

In this paper data from 72 objects within the Solar system has been used, including the Sun, 8
planets, 33 planet satellites, 18 asteroids from the main belt, 8 dwarf planets and 4 cores from the
giant planets, taken also as separate bodies. The data that has been used comes from literature that is
available to the general public as well as from specialized websites that are listed in the sources
section of the paper. Some data about small bodies has not high accuracy, but this is not important foe
the conclusions.

Diagram mass-diameter in a log-log coordinate system

With stars and galaxies the mass-luminosity and mass-size dependencies are fundamental. Bodies
from the Solar system do not illuminate and therefore, their masses and their diameters should be
explored at first hand. This is illustrated by Fig. 1 in log coordinate diagram. A few facts come along as
follows.

(1) The bodies from the Sun till satellites of planets with a diameter over 100 km lie within the
common parabolic dependence with a standard square mean deviation of 16%. With mass and
diameter there are 12 and 4 magnitudes respectively. The well-defined link within the log-log plot that
could be also represented with two straight lines actually corresponds to a fractal made of two
components.

(2) The Sun and the giant planets lie on a line with a slope of approx. 0.33 and standard deviation of
13%. This slope of the straight line is the same, Alog D / Alog M = 1/3, which corresponds to the link
between the diameter and the mass of a homogeneous massive globe in log-log coordinates. he
respective line is drown via the punctual representation through the point of the Earth. It is to be seen
below the common parabolic dependency. The fractal size of the straight line characterizing the giant
planets and the Sun is f=3 x 0.33 = 1.0. This value corresponds to the pure geometric dependency
and can serve as evidence that the Sun and the giant planets are similar in the radial distribution of the
density in their cores.
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Fig. 1. Mass-diameter diagram in a log-log scale. Circles: the Sun and the four giant planets. Dots: 4 planets, 8
small planets and 33 satellites. Stars: 18 asteroids. Squares: cores of 4 giant planets. Dashed line: regression
parabola without the asteroids and the cores of the giant planets. Segments: regression lines for the giant planets
and the Sun (right top corner) and for the other objects, excluding the asteroids and the cores of the giant planets
(left bottom corner). Straight line represents the diameter growth of a homogeneous massive globe depending on
the mass, drawn via the point, representing the Earth. The rectangular includes the objects that are taken into
detailed account in Fig. 3.
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(3) The solid bodies - planets, dwarf planets and planet moons, excluding the asteroids, lie along a
different straight line with a slope of 0.3 and standard deviation of 15%. The lower steepness of the
slope (< 1/3) shows that the density increases within the group of the bodies that have higher masses,
e. g. that they have heavier cores. The respective fractal value is f = 3 x 0.3 = 0.9 <> 1.0. Numerous
asteroids as well as the cores of the giant planets don't follow this trend. They diverge and have lower
values, which can be explained by their higher mean density. However, the data about these objects is
quite inaccurate.

Mass-mean density diagram in alog-log scale

The mass-mean density diagram can be considered as analogous to the luminosity-color diagram of
the stars. Fig. 2 depicts this diagram for 71 objects (excluding the Sun) and allows some conclusions
to be made,.

(4) Mean densities of the solid bodies in the Solar system take over a range of one magnitude, and
together with the cores of the giant planets - over a range of three magnitudes. Additionally, apart from
the giant planets and the asteroids they form something like a parabolic main sequence that
converges in the area of the small bodies with the density of the ice. The standard of the parabola,
shown in Fig.2, accounting the planets, the dwarf planets, the satellites and the cores of Uranus and
Neptune (without the cores of Jupiter and Saturn and the asteroids) is 44%.
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Fig. 2. Mass-mean density diagram in log-log coordinates. Circles: planets-giants. Dots: planets, dwarf planets,
satellites and cores of giant planets. Curved line: regression parabola for objects represented by dots, without the
cores of Jupiter and Saturn. Stars: asteroids. Horizontal segments represent the densities of ice, granite, basalt,
chondrites and iron-stone meteorite. The objects in the rectangle are shown on Fig. 3.

(5) Numerous asteroids in the main sequence have considerably higher mean densities compared
to the planets' satellites that are similar to them in mass. Such mean densities are characteristic for
the meteorites chondrides and the satellites Jo, the Moon and Europe. However, these 3 satellites are
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about 100 times more massive than the asteroids that have been considered in this paper.

(6) At least two asteroids (Psiche, Euphrosyne) have a much higher mean density, 6-7 g/cm, near to
the density of iron. This is evidence that they contain more heavy metals. Among the not so big
planets' satellites there is a satellite that stands out with its high density. It is the Jupiter's satellite
Himalia.

The relatively high densities of some asteroids can be explained if they are to be considered as
being a part of the core of a planet that broke into pieces due to a collision. It is known as
Phaeton, located after the formation of the Solar system between the orbits of Mars and Jupiter.

(7) At least three not so big planets' satellites (Hyperion, Janus, Epimethius) have extremely low
mean densities, lower than that of ice. It looks like these objects are kind of "dirty snow balls", similar
to a comet's core.

Masses and densities of the big solid bodies

More attention needs to be paid to the more massive and the bigger bodies. These are the objects that
are within the rectangles on Fig.1 and Fig.2. and they are shown in detail on Fig. 3. The objects on Fig.
3, 28 in number, are located in 4 magnitudes by mass and 1 magnitude by density. The most massive
10 of them are located in the upper half of the diagram along the diagonal, like part of the main
sequence on Fig. 2.

A characteristic of the solar planetary system is the availability of two main groups of massive
planets: 4 planets near to the Sun, the Earth group, with high density and 4 planets located away from
the Sun, giant planets, with low mean density. It is widely considered that during the process of
formation of the Solar system in the parts that are near to the Sun from the proto-planetary cloud the
heavy elements have settled down. As a result, the planets within the Earth group have higher mean
densities, higher than the densities of the chondrites. The two groups of planets are different also
because of other astronomical parameters.

However, other groups of solid bodies may be elucidated. Figure 3 shows at least five other
particularities in the density distribution of the solid bodies .

(8) Actually the mean densities of the Earth, Mercury and Venus are very high and higher than the
densities of the iron-stone meteorites. However, Mars has a much lower mean density and it is much
more natural that it be considered as part of the relatively smaller objects that have similar mean
densities - Jo, the Moon and Europe.

(9) The massive objects that have relatively high mean density - Mars, Jo, the Moon, Europe, Eris —
form approximately main sequence along the diagonal of the diagram on Fig. 3. Three trans-neptune
dwarf planets can be taken into this group (Haumea, Quauar, 2007-OR10), situated to the left. This
way there is a group of bodies with a mean density characteristic of granites, basalt and chondrites.
These ones that are different from the others due to their relatively high mean density can be called,
such as, "heavy small planets”.

(10) The massive objects with low mean density - Ganymede, Titan and Calisto - do not follow the
main sequence. They are placed in the middle bottom part of the diagram on Fig. 3. Also Triton and
Pluto can be considered part of this group. This way a group of massive objects with mean density of
about two times lower than the mean density of Jo, the Moon and Europe and considerably lower than
the density of the rock on Earth. These objects should contain certain fractions of Hydrogen, Helium,
and can be called for instance “light small planets”.

The well-expressed stratification of the big satellites of the planets according to their density can be
explained with the difference in the composition of the proto-planetary medium. The objects Jo and
Europe are near satellites to Jupiter that seem to have come to existence due to a much richer in
heavy metals medium just like the planets that are near to the Sun. Ganymede, Calisto, Titan and
Triton are far away satellites of their planets, formed like it looks from medium that is poorer on rich
metals.

82



T T ' T T T T
L Mercugy Earthg |
. Densng Venus,
| [g/cm”] .
4.7 -
i ]}[TOﬂ/Stown_
L Mars o i
37T o ]Chondrits 7
L °
Moon T
- Haumea b
° 4
L Quaoar Europ Basalt
o . '3
- 2007—-0R10 7
2.7 I , ]
Fris .
. ° Granit i
Trit b
Ceres Pluto .I‘l :)n
Okcus *Sedna Titan ®Ganymede 1
. Makemake ® Callisto
1.7 £ Ariel g e @Titania -
I Cha.ron Oberon
I o Uikriel !
®Rhea i
i ® Japetus
s Tethis = Ice i
log Mass [k
07 .Varuna | 1 | 1 Ig 1 [ gl:I
20.6 21.5 22.6 23.5 24.5

Fig. 3. Mass-mean density diagram for the massive bodies within the Solar system. The densities represented by
segments correspond (top-down) to ice, granite, basalt, chondrites meteorite and iron-stone meteorite.

The Moon is a satellite with extraordinary high density and it may be considered to be part of the
Earth, that came to exist after a collision of the Earth with a hypothetical planet Taya, as big and as
massive as Mars (Halliday, 2000).

(12) At the left lower part of the diagram on Fig. 3 one can see a big group of lighter objects with low
mean density - 10 satellites of planets, 2 asteroids (Ceres, Varuna) and 3 objects that are called today
“dwarf-planets” (Sedna, Orcus, Makemake). Among these objects there are some that have density
lower than the density of ice (Japetus, Thetis, Varuna). From all said above it looks like that exactly
these planets should be called “dwarf-planets”.

(12) Among the objects with lower mass shown in the left bottom part of Fig. 2 there are also lighter
satellites of planets and asteroids, with low densities, that indeed “small bodies in the Solar system”.

At the end, we should take into consideration that the masses and the densities of the dwarf-
planets, the small satellites of the planets and the asteroids are known with an approximate exactness.

Titius-Bode-Dermott Law about the orbital periods of the planets

While considering the main characteristics of the Solar system it is necessary that an important rule
be mentioned in the orbital radii and periods of the planets. It is known as the Titius-Bode law in XIX
century. There is lots of information concerning this topic in the literature and on the Internet.
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Fig. 4. Diagrams of the Titius-Bode-Dermott rule built according to the current data. To the left - taking into
consideration all 13 objects. To the right - creating a group of the Earth- Venus, as well as having Neptune-Pluto
as separate objects (Dermott, 1969), for a total of 11 objects. The circles correspond to the Main asteroid belt and
to the Kuiper asteroid belt, containing trans-neptune dwarf planets.

In its contemporary form the rule of Titsius-Bode-Dermott (Dermott 1969, Poveda & Lara 2008) is a
linear dependency of the logarithm of the orbital radius or the period on the consecutive number of the
object. The radii and the periods are of equal meaning because they are directly connected with the
third law of Kepler, but the usage of periods is to be preferred because it gives opportunity to have
additionally the central body with its rotation period as a zero object.

Figure 4 represents two diagrams of the Titius-Bode-Dermott law built according to contemporary
data together with data from the dwarf planets Eris and Sedna. On the first diagram one can see 13
objects with an angular coefficient of the straight line of 0.3 and standard deviation of 25 %. On the
second diagram, following the example of Dermott (1969), the planets Venus-Earth and Neptune-Pluto
are considered like objects situated along one and the same orbit, respectively number 2 and number
8. The straight line has then a higher angular coefficient of 0.42 and a lower standard deviation of
23%.

The existence of the rule of Titius-Bode-Dermott is a confirmation for the possible influence of a
combination of factors that has been actively taking part in the process of forming the Solar system
(Dubrule & Graner, 1994). The theoretical idea and the computer simulations show that the orbit
resonance (the evenness of the orbital periods) of the big planets create in the plane of the Solar
system wide rings situated in each other that do not allow for orbits to be stable over a long period of
time.

Apart from that it is clear that a logarithmic law of distances can be a consequence of the process of
collapse of the proto-planet disc with its axe of rotation and exponentially decreasing density towards
the periphery. According to Dubrulle and Graner (1994) and Kotliarov (2008) every stable planetary or
satellite system needs to satisfy this rule. There is an application of this rule in order to predict the
existence of planets in other planetary systems that have not been observed ye (Poveda & Lara,
2008).

The Titius-Bode-Dermott law continues to be the subject of papers, that are not always professional.
In general considering the satellites individually or grouping them in order to get right dependencies
needs to be supported in a thorough way. In connection with this the astrophysicist Alan Boss, who is
against such publications, says that the planetary science journal of a high authority Icarus does not
accept papers that treat the topic of refining the Tutius-Bode law (Boss, 2006). However, diagrams like
the ones shown in Fig.4 need certainly to be attended being another means of support to the not
completely proven background to the way planetary and satellite systems came to exist.

Conclusions

(1) In this paper it has been shown that on the mass-diameter diagram in log-log coordinates the
giant planets and the Sun on one side and the solid bodies on the other side lie in two well defined
straight lines that correspond to fractal dimensions of 1.0 and 0.9. It is of interest whether there are
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other such objects - stars from the main sequence and exoplanets follow such dependencies.

(2) On the mass-density diagrams one can see density stratification and groups of objects which
allows for physical classification of the solid bodies of the Solar system in respect to their density. In
this paper, as an addition to the certain kinds of massive bodies — (1), Sun, (2) giant planets, (3)
planets of the Earth’ group, 4 other kinds of objects are suspected — (4) — heavy small planets, (5)
light small planets, (6) dwarf planets and (7) other smaller bodies.

(3) The Titius-Bode law, independently of the fact that it is not considered to be refinabled
scientifically, is useful in considering of the Solar system and studying of the structure of other
planetary systems.
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