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Recently, the discovery of the extrasolar planetary sydepler-62 comprising five

planets was reported. The present paper explores whejhie(sequence of semi-
major axis values of the planets shows a long-range ordéwvéaether (ii) it is possible

to predict any additional planets of this system. The amslggowed that the semi-
major axis values of the planets are indeed characterizea loyg-range order, i.e.
the logarithmic positions of the planets are correlatedseBeon this characteristic, an
additional planet at 0.22 AU in the Kepler-62 system is presdl.

1 Introduction 2 Materialsand methods

In April 2013, NASA's Kepler Mission reported [1] the detec2.1 Data

tion of an extrasolar planetary system comprising five f2n§he parameter values of the Kepler-62's exoplanets were ob-
(Kepler-62b, c, d, e and f) orbiting a star (Kepler-62) ofspetained from the listing in Borucki et al. [1]. In particular,
tral type K2, luminosity class V, 62 0.02% the mass and 63,0 parameters were selected for the present analysis: the

+ 0.02% the radius of the Sun. The Kepler-62 extrasolar plagmi-major axis4) and the radiusrj of each planet. For the
etary system is located in the constellation Lyra200 light ygjyes, see Table 1.

years away from Earth. The five planets have a size of 1.31,
0.54, 1.95, 1.61 and 1.41 Earth radi,). The two outer- Planet i a[AU] a [km] r[Re] 1 [km] a
most planets (e, f) are likely to be solid planets possiblihwi 62b
liquid water on their surfaces since their position is withi g
Kepler-62’s Habitable Zone. The five planets were detectedé62d
by analyzing the brightness variations of Kepler-62 based o 62e
images obtained by the Kepler spacecraft. 62t

In an analysis of distances between planets of our §@pje 1: Kepler-62 system parameters according to [Ljplanet
lar system (including the dwarf planet Pluto and the astlergjymper counting outwardly from the star Kepler-a2 semi-major
Ceres) it was shown by Bohr and Olsen [2] that the sequeRgs, r: radius of the planeta( = In(a;/10° km)), a andr are given
of distances show a long-range order on a logarithmic scateywo different units (JAU], [km]) and (Re], [km]), respectively.
i.e. the logarithmic positions of the planets are correlated
follow a periodic pattern; they seem to obey a “quantizdtion
The authors tested the statistical significance of the nbthi 2.2 Data analysis

long-range order by using a permutation test, which reeeale, ie analysis, the semi-major axis value (given in urfits o
that the regularity of the distances between the planetsiin gy km) of each exoplanet was first divided by1n, then
solar system is very unlikely to have originated by Chance'logarithmized & = In(a;/10°km)) and according to these

In a subsequent study by the same authors [3], they §Bnes a multimodal probability distribution function (Fp

plied their analysis to the extrasolar planetary system "H?é), as introduced by Bohr and Olsen [2], was calculated by
10180 and determined that (i) the logarithmic position &f th

six planets show also a long-range order, and (ii) that this N

property is enhanced when including a seventh (hypotheti- p@@) = Z aie”, 1)

cally existing) planet at a position of 0.92 0.05 AU, i.e. i=1

bgtween th.e planets HD 10180f and_HD 101.8.09' Ba_sed\%h N = 5 (i.e. the maximum number of planets of Kepler-

this analysis, they postulated a possible additional plane 62) andg given as

the HD 10180 system at a distance of 0.92 AU.
The goal of the present analysis was to apply the same 3 j —&; @)

data analysis approach [2, 3] to the recently discoverad-ext B = wp /2v2In(2)’

solar planetary system Kepler-62 and thus to analyze whethe

(i) the semi-major axis values of the planets show a lonfpr j = 1,1.01,1.02 ..., 10, withw, the width (i.e. the full-

range order, and whether (ii) the analysis predicts aduitio width-at-half-maximum) of each Gaussian peak of the PDF,

planets of this system. andq; a scale factor. The scale factor defined the magnitude

0.0553 8.2728 1(P 131 8355  2.1130
0.0929  1.3898 10’ 0.54 3444  2.6317
0.120  1.795% 10° 1.95 12437  2.8877
0.427  6.3878 10’ 1.61 10269  4.1570
0.718  1.074% 10° 1.41 8993  4.6767
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Fig. 1: Results of the analysis of the multimodal PP@&) (al-a5) and the new one(&’) with the additional hypothetical exoplanet
(marked with a cross in Fig. (b1) and (b2), and marked withazlblre of the Gaussian peak in Fig. (b3)) found using theripdition
approach visualized in Fig. 2.

of each peak. For the present analysis, the scale factor Wwaguency-dependent power spectral density (PSD), i.e. th
assigned to the radius of the specific planet,dse= ri. The power spectrum (PS), of the multimodal PDF) was cal-
rationale for this definition is that larger planets should fzulated by the periodogram method, which is the windowed
contribute more to the overall multimodal PDF than smalldiscrete Fourier transform (DFT) of the biased estimate of
planets. A linear relationship was chosen rather than the nautocorrelation sequence. For the calculatioi, gints in
linear one used by Bohr and Olsen [2, 3] in order to circurthe DFT were used by zero-paddip¢a) to a length of 22
vent the definition of the specific type of non-linear relatio enabling a proper frequency resolution.

ship which is unknown per se. For the width of each peak, In order to analyze whether an additional hypothetical
wp = 0.25 was used which ensures an optimum compromisienet increases the long-range order, the above-meudtione
between a too strong overlap of the Gaussian peaks ongiymal processing steps (i.e. calculation of the multinhoda
one side and to small peaks on the other. Tind) repre- PDF, the ACF and the PS) were repeated with the input sig-
sents a sum of Gaussian peaks located at the logarithmiaealpb (4) in which an additional Gaussian peak was inserted,
planets semi-major axis values)(@nd weighted byd;), the corresponding to the hypothetical exoplanet's positiohe T

individual radius value of the planet. high of the peak was set to the mean values of the radius of
In the next step, the autocorrelation sequence of the mthle five exoplanets. The new peak was introduced between
timodal PDF was calculated according to the peaks associated with values of Kepler-62e and Kepler-

62f since visual inspection reveals a gap in the multimodal
B R R PDF in this region. The semi-major axis value was varied
Ro@(m) = ZO p(@am) p(an), ) petween 0.15-0.38 AU and the corresponding ACF and PS
" were calculated. For each PS, the maximum PSD value of

form=1,2,...,2N - 1, with N the number of samples ofthe fundamental frequency pf(4) (i.e. the first peak after
p(4). Then, the autocorrelation function (ACF) was detethe global maximum at position 0) was calculated. From the

N-m-1

mined by obtained values, the maximum was determined which indi-
e 1 i cate the strongest long-range order of the corresponding se
Ra(m'’ = Ro@(1) Roa(m). @) quence with the added new exoplanet. This new multimodal

ie. Ry (m) was normalized by its maximum value giver?DF was denoted gs(&’), with &’ the vector with the new

by R,a)(1) so thatR,5)(1) = 1. The type and grade of the>®M-Mmajoraxis values.
order (short- or long-range) of the input sequence can be ge-
termined using the ACF characteristics.

In order to quantify the periodicity in the ACF (i.e. thélhe analysis of the semi-major axis values of Kepler-62's
long-range order of the input sequence), in the next step fHanets b-f revealed an exponential like function (Figl))a

Results
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or a quasi linear one when logarithmized values were used 1,2, 3,.... Based on their approach, they predicted for
(Fig. 1(a2)). the Kelpler-62 system 7 additional planets with semi-major

The calculated multimodal PDF is shown in Fig. 1(a3jlistance values of 0.07, 0.15, 0.20, 0.26, 0.33, 0.55 ari2l 0.9
The ACF and the PS are shown in Fig.1(a3) and 1(a4), AdJ. Thus, the approach of Bovaird and Lineweaver predicts
spectively. The search of the optimal semi-axis value of thdiner periodicity compared to the prediction (0.22 AU) de-
additional (hypothetical) planet revealed that a globakimascribed by the present paper. Only the future will tell which
mum of the PSD value in the frequency range of 1.15@8 lapproach is better in modeling the exoplanetary charaeteri
(=~ 0.6502 units ofa) can be clearly determined, as depictetits, i.e. the next discovery of an exoplanet of Kepler-62.
in Fig. 2. Thus, the analysis predicts an additional plahata By the best of my knowledge, the two predictions (by Bo-
distance of 0.22 AU from the star Kelper-62. The charactetird and Lineweave, and the present one), are the only ones
istics of the resulting new multimodal PQR&") with all six published at the present concerning the extrasolar plgneta
planets are shown in Fig. 1(b1-b5). system Kepler-62.

For other extrasolar planetary systems, various authors
have reported a periodicjiyuantization of the planetary po-
sitions and predicted additional orbjifanets based on this.

For example, Naficy et al. [5], recently compared two
approaches for modelling and predicting by using either a
squared model of the form = GM r?/(v3 k?) (with r, the or-
bital radius of then-th planetG the gravitational constarn
the mass of a central body of the system, and the free param-
S T onTs ooa etersu?, k, andn) or an exponential one given oy = ae"
f11/47 (with a, b, n free parameters). In both cases, the parame-

ter values ofn are integers. The authors concluded that the
Fig. 2: (a) Color-coded visualization of the PSD values fet(a) “exponential model has a better coincidence to observaition
function with the added hypothetical exoplanet #tatient positions. data” [5]. In addition they observed a relation between the
(b) Function of the PSD values for the frequency of 1.1538. 1 values of theb parameter and the mass of the central star of
The global maximum indicates the value which correspondbéo the system, indicating a possible physical mechanism under
strongest increase in the long-range order. lying the exponential model. The squared model was also
used in a study analyzing extrasolar planetary systems con-
ducted by Rub¢i¢ and Rub¢i¢ [11].

Another study based on an exponential model was con-
From the analysis conducted in the present study, the fellaywicted by Poveda and Lara [24] to examine the extrasolar
ing conclusions can be drawn: planetary system 55 Cancri. However, problems with this

(i) The positions of the exoplanets Kepler-62a—f showsiudy were pointed out later [23].
long-range order inferred from the peak-like structure In another study, Panov [6] applied an exponential model
(four peaks) in the ACF which is captured by the pow@f the typea, = C &' to extrasolar planetary systems and
spectrum as one single peak, corresponding to linggported a good fit as well as predictions of additional gigine
periodicity of the logarithmized distances between the As early as 1996, Nottale found that “the distribution of
planets. the semi-major axis of the firstly discovered exoplanets was

(i) The strength of the long-range order increases Whgp’lsteredzar.ound quantized values according to the&M
an additional planet with a distance of 0.22 AU fror7 ("/wo), in the same manner and in terms of the same
the star is added to the five observed ones. This re§@pStantuo = 144 knys as in our own inner Solar System

was obtained by an optimization procedure testing L{y 8]. This approach is a result of the “scale relativitygth
possible positions for this planet in the gap betwe&y developed by Nottale [9, 10, 32, 33]. In 2008, an updated
Kepler-62e and Kepler-62f. analysis involving 300 exoplanets was published [10] which

. . " . confirmed and extended the validity of the initial analydis o
A prediction of possible additional planets in the Kepleffg%*

62 extrasolar system was put forward also recently by Bo-

: ) . - An analysis with 443 exoplanets (i.e. all known in 2011)
vaird and Lineweaver [4]. They applied a two-parameter Was conducted by Zoghbi [26]. This revealed a quantization

to 68 diferent extrasolar planetary systems in total and Pt the planet’'s angular momentum which was shown to have

dicted 141 additional planets. For the fitting they used a'funa'probability ofp < 0.024 being due to pure chance.

tion (denoted by them as a modified Titius-Bode relation) 0

the forma, = @ C" , with a, an the Se_mi'major ax!s, two fre€ it would be worthwhile and interesting to repeat the analysith the
parametersd, C), andn a variable with the quantized valuegresently 732 confirmed exoplanets (September 2013//bipplanets.org).

PSD

4 Discussion and conclusion
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In another study, using the equation = GM/(ca €"), ance of the protoplanetary system, might also be important
with @ the dimensionless fine structure constantof/137 for an understanding of the observed patterns.
and c the speed of light, Pintr et al. [12] reported a strong Other approaches worth exploring for further research are
agreement between the orbital data of the two analyzed-exthat based on large-scale quantization in space plasmgs [22
solar planetary system and the expected values. The itten@®delling celestial mechanics using the Schrodinger equa
ing thing about this work is that the equation is derived fepntion [21, 27, 29, 39-41, 43], resonancffeets [25, 28], or-
physical theory describing théfects of electric and magnetichital angular momentum quantization per unit mass [30, 37],
effects on the evolution of a solar system. fractal scaling modeling using the continued fraction roeth
Finally, as mentioned earlier, employing a similar methd@1], conservation of mass and momentum, and stability of
to the one used in this paper (i.e. analysis of correlatitre angular momentum deficit [35,36], the stochastisatjen h
property of the logarithmized planetary positions), Olaad pothesis [34], macroscopic quantization due to finite deavi
Bohr [3] analysed the extrasolar planetary HD 10180 and ptienal propagation speed [38], and the Weyl-Dirac approach
dicted an additional planet at 0.920.05 AU. to gravity [42].
Apart from analyzing extrasolar planetary systems, em- One significant dficulty in explaining the observed reg-
pirical relationships for the distances of the planets afsms ularities of distances is the fact that planets can migeatgel
lar system started to be published centuries ago when JdBtances after their formation (e.g. [44—48]). A modeltha
Titius (1729-1796) and E. Bode (1744-1826) described gimes an explanation of the regularities must include this o
apparent regularity of the planetary radii, later knowntees tserved fact. One possible explanation might be to regard the
Titius-Bode law (expressed in 1787 in its more modern matidantization pattern as an attractor in a phase-space of the
ematical form by Wurm:r, = 04 + 0.3 x 2", n = —oo planet's migration movements.
(Mercury), Q1,2,...) [13]. This equation predicted the po- In conclusion, the present analysis of the extrasolar plan-
sition of Uranus, but failed to fit for the planetary positionetary system Kepler-62 reveals that (i) the semi-major axis
of Neptune and Pluto. Based on the many studies about regjues of the planets show a long-range order, and (ii) that
ularities in planetary distanctadii conducted until now, the there might be an additional planet at the distance of 0.22 AU
Titius-Bode law can be regarded as a first phenomenologisatween Kepler-62e and Kepler-62f.
description of a possible fundamental law of planetary spac
ing. The work of Bohr and Olsen [2, 3] in particular strongly
suggests that the orbital spacing of planetary systems @bayeferences
Iong-ra_nge order and nOt_aSi_mp_Ie short-range one, supgorti 1. Borucki W.J., Agol E., Fressin F., Kaltenegger L., Rowgaet. al.
the notion that the quantization is not down to chance. Kepler-62: A five-planet system with planets of 1.4 and 1.6lEeadii
Concerning the physical mechanism involved in creating in the Habitable ZoneScience2013, v. 340 (6132), 587-590.
a long-range order in planetary systems, this issue is Rot r@. Bohr J., and Olsen K. Long-range order between the planéte So-
solved yet. However, important approaches have been put for lar systemMonthly Notices of the Royal Astronomical Soci€910,
ward over the last decades. For example, Wells showed that V- 403, L59-163. ) ) )
the planetary distances can be “accurately predicted by tﬁe Olsen K. and Bohr J. Pair-correlation analysis of HD 10i®geals

. " . a possible planetary orbit at about 0.92 AU. 2010, arXiv: raast
eigenvalues of the Euler-Lagrange equations resultingi fro  ph Ep1009.5507.

the variation of the free energy of the generic plasma thaj, govaird T. and Lineweaver, C.H. Exoplanet predictionseon the
formed the Sun and planets” [14, 15]. Further research of generalised Titius-Bode relation. 2013, arXiv: astroE#i1304.3341.
the author led him to conclude that “a unification of the mors5. Naficy K., Ayubinia A. and Saeedi M. Exponential law as a encomp
phology of the solar system” and other astrophysical phe- ?)tri]b'? molge' to d?;gfge OigitZszp;agitafy systeimasiian Journal of
nomena “can be accomplished by a basic consideration %f o yS'CSK ssiirc b_t’lva_ t( ): I_ ; anet e O

H _ H H H . anov K. P. € orpital distances law In planetary Sysi s Open
;htTdmllmmum"acltgon 's:t.ate”s c;]f cosmic am:]wrtual \;ac_uumh Astronomy Journal2009, v. 2, 9294,
1€ p asmas [16]. In,a y he came to the cqnc usion t ar7. Nottale L., Schumacher G. and Lefévre E.T. Scale-wfatand quan-
a Un|f|Cat|0n_0f all physical forces can be de_”VEd based 0N tization of exoplanet orbital semi-major axestronomy and Astro-
the assumption that they are regarded “as ‘fluid’ or ‘Magnus’ physics 2000, v. 361, 379-387.
forces generated by vortex structures (particles) in theali 8. Nottale L. Scale-relativity and quantization of extrdas planetary sys-
plasma gas” [15-17]. The work of Wells should be carefully ~tems.Astronomy and Astrophysics996, v. 315, L9-L12.
reconsidered since it might be a key to understanding regul- Nottale L. Fractal Space-Time and Microphysics: Toward$ieory of
patterns, long-range orders and quantization of astropedmj  Scale Relativity. World Scientific, 1993. . _
systems and structures. In addition, analysis based ohéhe t*- t';,?f;a'gobgsgfi?vfe;fy'ﬁ'gsZ”fnf}S;ftf‘z' ;gg‘;e't'me'owea”d applica-
oretical framework of stochastic electrodynamics (SER} th o A o

. . 1. RubCi¢ A. and Rubti¢, J. Planetary orbits on solat extrasolar sys-

shed new light on the origin of the solar system [18], and alSO  tems Fizika A 2010, v. 19 (3), 133-144
t_he finding of Graner and DuprU"e [19, 20] that T'“_US'BF)deIg. Pintr P., Pefinova V., and Luks A. Allowed planetarpits in the solar
like laws appear when assuming a scale and rotational invari systemChaos, Soliton& Fractals, 2008, v. 36, 1273-1282.
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