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Abstract: In this study, we investigated the differences between four commonly-used
exoplanet catalogs (exoplanet.eu; exoplanetarchive.ipac.caltech.edu; openexoplanetcatalogue.com;
exoplanets.org) using a Kolmogorov-Smirnov (KS) test. We found a relatively good agreement in
terms of the planetary parameters (mass, radius, period) and stellar properties (mass, temperature,
metallicity), although a more careful analysis of the overlap and unique parts of each catalog revealed
some differences. We quantified the statistical impact of these differences and their potential cause.
We concluded that although statistical studies are unlikely to be significantly affected by the choice
of catalog, it would be desirable to have one consistent catalog accepted by the general exoplanet
community as a base for exoplanet statistics and comparison with theoretical predictions.

Keywords: methods: statistical; astronomical data bases: miscellaneous; catalogs; planetary systems;
stars: statistics

1. Introduction

Since the detection of ‘51 Peg b’, the first exoplanet around a main sequence star [1], many more
planets around other stars have been discovered. Currently, more than 3500 exoplanets have been
detected in our galaxy. The diversity of these exoplanets in terms of orbital and physical properties is
overwhelming. This diversity challenges planet formation and evolution theories, which were tuned
originally to explain the planets in our Solar System [2,3].

Several groups took it upon themselves to label and classify the known exoplanets, and compile
catalogs to provide the scientific community with a comprehensive working tool to access the data
and perform statistical studies of the exoplanet sample (hereafter, exostatistics). These databases
include information about the physical properties of the planets, as well as their host stars. Analysis
of this information is constantly improving our understanding of planet formation mechanisms [4],
protoplanetary disks [5], and planetary composition and internal structure [6,7]. At the moment,
several exoplanet catalogs are available and are used by the community (see [8]).

The most widely-used exoplanet catalogs are:

The Extrasolar Planets Encyclopaedia, www.exoplanet.eu ([9]; hereafter, EU).
The NASA Exoplanet Archive, https://exoplanetarchive.ipac.caltech.edu ([10]; hereafter, ARCHIVE).
The Open Exoplanet Catalogue, www.openexoplanetcatalogue.com/ (hereafter, OPEN).

Ll

The Exoplanet Data Explorer, www.exoplanets.org ([11]; hereafter, ORG).

These catalogs include data from ground-based observations as well as space missions such
as CoRoT, Kepler, and K2. The available data in these catalogs are comprehensive and include the
physical properties of the host star, available information on the planetary physical properties, and the
referenced confirmation paper or other mentioned source.
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The different teams of each catalog use different criteria to include a planet, which are usually
based on the physical properties of the planet or statistical thresholds (see Table 1). Furthermore, each
catalog has a different approach to displaying the database. For example, ARCHIVE designates a set
of default parameters for each planet. This set is extracted from a single published reference to ensure
internal consistency. Additional values published in other papers can only be found by viewing the
pages dedicated to individual planets, where multiple sets of parameters are displayed. As a result, the
ARCHIVE table provides a self-consistent set of parameters for any system, with missing values when
the information is unavailable. On the other hand, EU uses a table displaying information on specific
planet extracted from different sources, thus making for a more complete parameter set, though not
necessarily self-consistent.

Many exostatistics papers use one of these catalogs as their source of observational data.
Nevertheless, so far, the different catalogs have not been compared in terms of their possible differences
and potential biases and selection effects that might affect inferred results and conclusions.

Table 1. The exoplanets catalogs inclusion criteria.

Catalog Object Mass Criterion Reference Criteria
EU <60M; + 10 Publishe;l or subfmitted t% peer-;‘evi.eweii journals or
announced in conferences by professional astronomers.
ARCHIVE <30My Accepted, refereed paper.
OPEN Not listed Open-source.
ORG <24M; Carefully vetted, peer-reviewed journal papers.

In this work, we present a simple statistical comparison between the different exoplanet catalogs.
We mainly focus on the EU, ARCHIVE and OPEN catalogs. The database of the ORG catalog contains
a single and reliable set of parameters for each planet. However, since it has not been updated
for a couple of years now (see website and discussion in Reference [8]), we perform only a coarse
comparison. As discussed in Reference [8], there are plans to restart regular updates in the near future.

2. Methods

We have downloaded lists of confirmed planets from the following four catalogs: EU, ARCHIVE,
OPEN and ORG on 3 April 2018. As discussed previously, because of the different planetary mass
criteria of each catalog (see Table 1), we set 10M; as an upper bound for the planetary mass, to strictly
exclude any potential brown dwarfs. Thus, we avoided any biases that might emerge from the different
mass cutoffs the catalogs use.

The parameters we use in order to compare the catalogs are the stellar mass (M), surface
temperature (T,7¢) and metallicity ( [Fe/ H]), and planetary mass (M}), radius (R) and orbital period
(Period). We chose this set of six parameters because they are the fundamental parameters that are
most easily available from current photometric and spectroscopic detection methods [12]. Physically,
these parameters provide basic, broad information about the planetary system [6]. The process of
deriving the stellar properties involves a collection of literature values for atmospheric properties
(temperature, surface gravity, and metallicity) derived from different observational techniques
(photometry, spectroscopy, asteroseismology, and exoplanet transits), and then fitting them to stellar
isochrones (e.g., References [13,14]). The stellar properties are then used in the derivation of almost
all planet properties from radial velocities (RV), transits or transit timing variation (TTV) data. Thus,
areliable estimate of these parameters is crucial for the quality of the planet properties estimate
(e.g., Reference [15]).

In the framework of this analysis, we compared separately (and in combination) the planetary
properties of the confirmed planets from the listed catalogs. In addition, we performed a comparison
between planetary systems by examining the distributions of stellar and planetary properties of
the main star and each system’s first detected planet. By doing so, we were able to find the biases
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of the planet properties emerging from the stellar properties. There was no sense in comparing
the stellar parameters of all the confirmed planets since it is possible to unintentionally give more
weight to multi-planetary systems when performing the analysis. Table 2 lists the total number of
confirmed planets and systems of each catalog as a function of the different stellar and planet properties.
The significant variability of those numbers raised the following questions: Does the catalog with the
largest number of planets include all the listed objects of the other catalogs? How different is the
distribution of planets from two different catalogs?

Table 2. The total number of listed planets with different stellar and planet properties for each
exoplanet catalog.

Number of Objects EU ARCHIVE OPEN ORG
All planets 3757 3708 3524 2950
With planetary mass 1327 1276 1275 2917
With planetary radius 2807 2912 2731 2438
With planetary orbital period 3505 3564 3371 2920
With planetary mass, radius and orbital period 655 576 558 2436
All systems 2652 2693 2556 2200
With stellar mass M. 2465 2571 2476 1929
With stellar metallicity [Fe/H]| 2444 2581 2088 1877
With stellar surface temperature T, 2503 2424 2469 2162

Most of the statistical work in this analysis is based on comparing the different sets using a
two-sample Kolmogorov—Smirnov test (hereafter, KS test, [16]). Broadly speaking, the p-value of
the KS test indicates to what extent two samples can be considered to be drawn from the same
distribution—a high p-value indicates a good agreement. It is sensitive to differences in both shape and
location of the empirical distribution functions of the two samples. A KS test comparison between two
catalogs would compare the distributions of all available estimates of one of the planetary properties
mentioned above. If a specific object’s quantity is unavailable, we excluded the object from the
comparison pertaining to this property. In cases where only lower/upper bounds were available, we
set it to the listed value instead of excluding it. Thus, there were some cases in which two catalogs
agreed on the planetary nature of a specific object, yet, since one of the catalogs had a missing value
for some property, we excluded this planet from the test.

For each pair of catalogs, ‘A" and ‘B’, we compiled three subsets: (1) The overlap subset, including
all objects listed in both catalogs; (2) the unique ‘A’ subset, including only the planets that are unique
to catalog “A” and not listed in catalog ‘B’; and (3) the unique ‘B’ subset, including only the planets
that are unique to catalog ‘B’ and not listed in catalog ‘A’. We then applied the KS test to compare the
three subsets. We performed this analysis for each one of the six parameters separately, as well as a
comparison of subsets that include information about the planetary mass, radius and orbital period.
Figure 1 describes the methodology applied to compare the different catalogs.
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Figure 1. Venn diagram describing the different compared subsets. Catalogs ‘A’, ‘B’ represents two out
of the three compared catalogs. For each planet or stellar property we used a Kolmogorov-Smirnov
(KS) test to compare two out of the three derived subsets: ‘Overlap’, ‘unique A’ and “unique B’.

A problem we often encountered in our analysis is the possibility of different planet names
and aliases listed in each of the catalogs. The differences are typically caused by spaces,
uppercase/lowercase mix-up, and numbers or unique symbols that are used in spelling the stellar
and planet names. Yet, in most cases, we found a given object to have two different names in two
different catalogs. To overcome this difficulty, we first cross-matched the different objects according to
their stellar names using the SIMBAD database, and then identified the different planetary names that
populate each system. This practice imparted us with the following unfortunate conclusion: Currently,
there is no consensus on an unambiguous method to mark a specific planet and to find its aliases in a
convenient way. Therefore, there is no reliable way to cross-match two planetary tables.

3. Results

In general, we found the distributions of planets and systems from the different catalogs to be
quite similar. An exception was the ORG catalog, where its missing planetary mass values were derived
from some theoretical mass-radius (M-R) relation. See Appendix A for the detailed and complete
analysis with the quantitative results (Tables A1 and AS8; Figures Al and A7). To infer the differences
between the catalogs, we compared the derived populations of the overlap and unique subsets for two
catalogs at a time, as discussed above. We found the distributions of the overlapping planets between
the different catalogs to be similar. However, there were significant differences between the overlap
and unique subsets. In Figure 2, a kernel density estimation (KDE) [17] for the probability density
functions (PDF) of the mass, radius and orbital period for the different subsets is given. The solid
blue curves represent the three overlap subsets when comparing each pair of the EU-ARCHIVE-OPEN
catalogs. The brown curves represent the unique subsets, where the dashed, dashed-dotted and dotted
curves correspond to the unique EU, ARCHIVE and OPEN subsets, respectively. Evidently, the overlap
and unique subsets seem to have very different distributions for the three planet properties. Table 3
presents the KS tests p-values for the different comparisons between KS tests. We found a low p-value
for most comparison tests.
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Figure 2. Each catalogs’ subsets probability density functions (PDFs) of planetary mass, radius and
orbital period properties, using the kernel density estimation (KDE), where overlap is represented by
blue curves and unigue by brown curves. In each plot three overlap subsets and six unigue subsets may
be noted (see text for further details).

As for the property of planetary mass, we noted that a higher density of small mass planets
(Mp ~ 10Mg) populate the unique subsets. We found most of these planets to be TTV planets,
detected in multi-planetary systems. Usually, the mass of a planet detected through TTV is not
resolved directly, and in practice, is degenerate with the planet’s eccentric orbit [18]. As a result, we
have many small TTV planets with an upper mass limit, rather than a nominal value. However, there
is no uniform approach to displaying this mass limit. At times, the catalogs choose to omit the value
altogether, while at other times it is displayed as an upper limit. However, in many cases, especially
with the EU catalog, the mass limit is reported as a valid nominal estimate. Due to this difference
in the mass property criteria, we found many small mass planets biasing the unique subset towards
smaller masses.

For the planet radii and orbital period distributions, we found the EU and OPEN unique
subsets to have a relative higher density of planets in radii values of R, ~ 1R;, and periods of
Period ~ 1000 days. Examining the planets that comprise these subsets suggests the reason for this
difference is probably related to the different inclusion criteria the catalogs use. Some examples are:
Listed planets where the confirmation paper has used some theoretical M-R relations to infer the
planetary radius (or mass), some unusual large radii planets suffering strong tidal forces due to their
proximity to the parent stars (in short periods), planets with ‘strange” transiting light curves that make
the planetary detection more controversial, etc. As for the higher consistency, in terms of the overlap
and unique parts of the ARCHIVE catalog, we found it to be somewhat artificial. By examining the
ARCHIVE unique planets, we found over 75% of them to be K2 planets, suggesting the reason for
the good agreement with the overlap subsets related to the simple fact: Most of the overlap planets are
transiting planets (Kepler and K2), with similar properties as the K2 planets.

Table 3. The p-values from KS tests wherein the distributions of the overlap vs. unique subsets of
planetary mass, radius and orbital period properties are compared. The three numbers in brackets in
each cell represent the p-value according to this order: (Mp, Rp, Period).

Overlap OPEN-ARCHIVE Overlap EU-OPEN Overlap ARCHIVE-EU
Unique EU — (<1079, <10719, <10-19) (<1019, <1019, <10~10)
Unique ARCHIVE (3x1078,0.03,2 x 1073 — (0.69, 0.01, 0.02)
Unique OPEN (<10719, <1010, 1079) (0.034,0.74, 4 x 1078) —

Performing a similar analysis for the subset of planets in which all three properties of planetary
mass, radius and orbital period were available, we found the unique and overlap subsets were
different again (Figure 3), although having slightly higher p-values (Table 4) than the individual
property comparisons presented above.
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Figure 3. Same as Figure 2, but for the subset of planets in which all three properties of planetary mass,
radius and orbital period were available.

In this case, most of the overlap planets had large masses and radii, with short periods. This in
itself is a bias, caused by the combined sensitivity of the RV and transit detection methods [19]. As for
the distributions of the unigque subsets, we found them to be compromised by a higher number of
TTV-detected planets, causing the distributions to be almost uniform in the regime of both small and
large planets. Another interesting aspect we observed about these unique subsets was their relative
similarity between each other, as displayed quantitative in Table A10 displaying the unique subsets
p-values. In spite of this relative similarity, these subsets populate different planets, causing this
resemblance to be a product of the TTV biases in the catalogs planet mass inclusion criteria.

Table 4. Same as Table 3, but for the subset of planets in which all three properties of planetary mass,
radius and orbital period are available.

Overlap OPEN-ARCHIVE Overlap EU-OPEN Overlap ARCHIVE-EU

Unique EU — (2 x1078,<10719,8 x 1079 (3 x107,8 x 1077,0.23)

Unique ARCHIVE (3 x 1075,<10719,3 x 10~11) — (0.02,3 x 1077, 8 x 107%)
Unique OPEN (6x1075,7x1073,6 x107%) (6 x1073,2 x 1077,1073) —

After examining the planetary systems according to the stellar properties, we again found
similarity between the overlap subsets and significant differences between the unique to overlap subsets
(Figure 4). We noted that the unique distributions of stellar mass and surface temperature were
biased towards smaller mass and lower temperature stars (K, M-stars). Spectroscopy of small stars
(especially M-stars) is challenging because of their intrinsic faintness and high activity [20]. As a result,
detection of planets around these stars is purportedly more difficult and somewhat controversial, thus
explaining why we found a higher relative number of these objects in the unique subsets. As for the
stellar metallicity, we found it to be an unreliable property when analyzing possible biases in the
catalog comparison. Although the metallicity is an important property, providing an early record
of the chemical composition of the initial protoplanetary disk [21], the planetary detection methods
do not rely on this property directly. The catalogs usually reported this property with high relative
errors, probably linked to the imprecise derivation that is used to determine the metallicity value.
Adding to this the fact that each catalog referred to different stellar survey sources, we found the
highest inconsistency between catalogs to be in this parameter (when compared with the other stellar
and planetary properties). Nevertheless, we still found the following trends: The unique subsets that
included larger planets, especially in terms of the OPEN catalog, was biased towards higher metallicity
values, as expected from previous studies [22,23]. On the other hand, small planets, especially listed in
the unique ARCHIVE catalog, had a wider distribution of metallicities [24]. As before, the p-values
for the different KS tests of stellar properties in the overlap vs. unique subsets are provided in Table 5.
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The seemingly improved mean p-value results of the OPEN catalog are caused by its relative smaller
number of listed stellar property objects.
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Figure 4. Catalogs’ subsets PDF’s of stellar mass, metallicity and surface temperature properties using
KDE, where: overlap is given in blue and unique is given in brown. In each plot, three overlap subsets
and six unigue subsets may be noted (see text for further details).

Table 5. The p-values obtained from KS tests comparing the distributions of the overlap vs. unique
subsets of stellar mass, metallicity and surface temperature properties. The three numbers in brackets
of each cell represent the p-value according to this order: (M, [Fe/H], Ts).

Overlap OPEN-ARCHIVE Overlap EU-OPEN Overlap ARCHIVE-EU
Unique EU — (<10719, <10719, 9 x 10710) (5 x1077,0.19,0.02)
Unique ARCHIVE (<10719, <1010, <10-10) — (2%x1076,2x1075,2 x 107%)
Unique OPEN (0.12,0.02, 0.09) (0.06,0.04,9 x 10~%) —

Although it would be reasonable to detect most biases in the exoplanets catalogs in the extreme
ends of the examined distributions, the analysis we have presented used a quantitative approach to
study the biases the catalogs possess. We conclude that the biases in the catalogs are caused by: Some
missing or obsolete information about a planets’ properties (e.g., the system of ‘Kepler 53 b,c’ is labeled
in the ARCHIVE catalog with main planetary masses of Mp < 18 Mj and Mp < 15 My, for planets ‘b’,
‘c’ respectively [25], however a later paper [26] finds the masses to be much smaller Mp ~ 0.18 M,
Mp ~ 0.11 Mj, respectively, as listed in both EU and OPEN); model dependent planetary information
based on some theoretical assumption and not a direct measurement (e.g., ‘Kepler-446 b,c,d": Both EU
and OPEN display their mass property, however, according to the reference article [27], the given value
is only a coarse estimate for the planets’ masses and expected RV semi-amplitude signatures using
recent empirically-measured data); roughly estimated measurements, which is especially relevant
for stellar parameters; or approximated upper limits as the nominal value (e.g., ‘Kepler-114 ¢’ is a
TTV detected mass planet. The EU catalog displays its mass to be M, ~ 40Mg [26]. However, since
this measurement is an upper limit, we find it to be inconsistent with the nominal measurement the
ARCHIVE displays of M, ~ 2.8 Mg, [28], while the OPEN catalog does not include this planet).

4. Summary & Discussion

Our analysis suggests that, although the main exoplanet catalogs overlap significantly, which
results in similar distributions for most astrophysical parameters, the small discrepancies between the
subsets highlight some of the catalogs’ biases. These biases can best be seen in the extreme ends of the
examined distributions of small mass, long orbital period planets or small stars (less than our sun).
These biases do not only result from different numbers of confirmed planets in each catalog, but mainly
from contributing factors, related to the data collection policy of each catalog, such as: The process
each catalog uses to present and collect the properties of a specific planet, the decision whether to
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include a controversial object as a planet, or the routine maintenance each catalog team performs to its
current listed planets.

Furthermore, in our analysis, we excluded planets with masses larger than M, > 10M;.
However the different catalogs use different mass boundaries, which also adds to their different
biases. Unfortunately, most of the biases we found are due to the use of various subjective criteria
in compiling and maintaining the database. Although all catalogs usually include in their database
planets announced in peer-reviewed publications, this should not be the only criterion for a confirmed
planet. We suggest that the explosive growth in the known planet population in recent years once
again highlights the need for a more rigorous and objective mechanism to tag planets as confirmed.
The differences among the catalogs demonstrate that there are conflicting views in the community
regarding such criteria. The International Astronomical Union (IAU) is an objective and well-accepted
authority by the community, and we therefore suggest that a central catalog could be maintained by
Division F (Planetary Systems and Bio-astronomy) of the IAU, and specifically its Commission F2
(Exoplanets and the Solar Systems). Discussions within the commission should resolve the various
differences and arrive at a system that can be agreed upon.

After performing this analysis and scrutinizing the different calculated biases, we can carefully
make the following statements:

e  The ARCHIVE catalog is the most up-to-date catalog, with recent Kepler and K2 planet discoveries.
It is also the least biased catalog in terms of the interpretation of the mass upper limit, being the
true value or the adoption of a model-based value instead of a genuine measurement. Another
interesting feature the catalog has is a list of “removed targets” displaying objects that had
been listed in the catalog but were removed, suggesting a more rigorous process applied by the
ARCHIVE team.

e  The EU catalog is less restrictive when listing the planetary properties, and therefore could include
imprecise estimates. The EU catalog differs the most with the overlap subsets, probably due to its
more permissive acceptance criteria and the use of mixed sources of information. However, it has
the most wide and large coverage of planets.

o  The OPEN catalog is somewhere in the middle, between ARCHIVE and EU. In some cases, we find
that it resembles the EU subsets, while in others the ARCHIVE. This might not be surprising, given
that this catalog is an open-source catalog which is managed and updated by the astronomical
community. Although its interface is elegant and user friendly, it has its drawbacks, especially the
lack of detection reference and a smaller planet population.

Finally, while each catalog suffers biases, for an exostatistics work, there should not be too much
difference among the databases, since the planet population (especially the one compared in this work)
is large enough to wash out the small biases and discrepancies. Nevertheless, we find the fusion
of catalogs (the overlap subset) a powerful tool as a starting point for increasing the reliability of
exostatistics research. A promising platform seems to be the Data & Analysis Center for Exoplanets
(DACE) database (https://dace.unige.ch), which includes a linked table to commonly-used exoplanet
catalogs. DACE offers an accessible option to check the properties of a specific planet listed in different
catalogs, and to compare its properties as they are displayed on the catalogs.

Besides a careful and detailed inspection of each exoplanet related paper confirmation, other
useful techniques that can be used to increase the confidence of some exoplanet databases is to
check other related parameters such as: Discovery date and update times, which can solve issues of
“catch-up” times between catalogs and the rate by which they upload new exoplanets; a measure of
the velocity semi-amplitude K parameter can suggest the mass measurement is truly deduced from a
RV measurement and not derived from some theoretical model; a TTV flag with reported eccentricity
parameter can suggest the reported mass measurement is probably not an upper limit, but some
nominal value.
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Appendix Details of the Comparison

Appendix A.1 Comparison of Planetary Properties

We first compared the different catalogs using a KS test for the planet properties of mass (Mp),
radius (Rp) and orbital period (Period). Table 2 summarizes the number of available objects in
each catalog for the different properties. We present in Table Al and Figure Al the p-values of the
corresponding KS tests and relevant empirical cumulative distribution functions (CDF) of each subset
respectively. The distributions of the planetary properties from the different catalogs were found
to be very similar, apart from the ORG catalog, which bases its missing planetary mass values on a
theoretical mass-radius relation.

Table A1l. p-values of the different catalogs’ KS test for various planetary properties.

Planet Property EU-ORG EU-ARCHIVE ARCHIVE-ORG EU-OPEN OPEN-ARCHIVE OPEN-ORG

Mp <10~10 0.12 <10-10 0.30 0.99 <10~10
Rp 6 x 1074 0.21 0.18 0.82 0.03 3x 104
Period 0.32 0.37 0.96 0.99 0.74 0.73
, 1 —
/ 08 /
w L 0.6 /
a )
© © o4
0.2
0
0 0.5 1 0 1 2 3
Iogm(MP M @) Iogm(RP /R @) Iogm(Perlod (days))

Figure A1. Cumulative distribution functions (CDFs) of the planetary mass, radius and orbital period.
The different colors correspond to the different catalogs: Blue: The Extrasolar Planets Encyclopaedia
(EU), red: NASA Exoplanet Archive (ARCHIVE), orange: Open Exoplanet Catalogue (OPEN), and
purple: Exoplanet Data Explorer (ORG).

Although the catalogs seemed similar in this comparison, to reveal their true differences, we
applied the analysis discussed in Section 2 to compare the overlap and unigue subsets between each
pair of the EU-ARCHIVE-OPEN catalogs. In all the comparisons we also investigated whether there
was any difference between the properties of the overlap parts listed in catalog ‘A’ or ‘B’. In all cases,
the p-values were nearly one, suggesting that the two catalogs are comparable. In the following
subsections we present the comparison for the different planetary properties.
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Appendix A.1.1 Planetary Mass

We summarize the results of the planetary mass comparisons in Tables A2 and A3. In these
tables (and the following tables), each row represents two catalogs we compare, where the columns
represent the number of planets in that subset (Table A2) or the p-values of the comparison between
each two subsets (Table A3). We abbreviate by ‘UA” and ‘UB’ the unique subsets ‘A’ and ‘B’ respectively.
For instance, the first row in Table A3 represents (by column order from left to right): The p-value of
the comparison between the overlap of the EU and OPEN catalogs with the unique part of EU catalog;
the p-value of the comparison between the overlap of the EU and OPEN catalogs with the unique part of
OPEN catalog; and the p-value of the comparison between the unique EU and OPEN subsets (see also
Figure 1, for a graphic explanation).

The CDFs of the different subsets is shown in Figure A2. We found that the number of planets in
the overlap subsets was large, yet the population of the unigue subsets (in this section and the following
to come) were non-negligible. Moreover, although the number of planets in each catalog was different,
there was no single catalog that included all the objects from the other catalog. We found that the
unique subsets were different from the overlap subsets with the exception of the unique ARCHIVE
and OPEN subsets, when comparing them with the overlap subset of the EU. Correspondingly, we
also found the unique parts of the ARCHIVE and OPEN to be very similar based on the comparison
between these two catalogs.

Table A2. Catalogs’ subsets total number of planets with listed planetary mass.

Catalog Overlap UA uB
EU-OPEN 1188 239 87
OPEN-ARCHIVE 1089 187 186
ARCHIVE-EU 1175 101 252

Table A3. p-values of the different catalogs” KS test for the planetary mass property.

Catalog Overlap vs. UA  Overlap vs. UB UA vs. UB
EU-OPEN <1010 0.034 7 x 1073
OPEN-ARCHIVE <1010 3x10°8 0.42
ARCHIVE-EU 0.69 <1010 35 x 1074
(a) (b} ()
' A
0.8 0.8
w 06 L 0.6
a 0O

© o4 © 04
0.2 0.2

0 1 2 3

log, (MM )

0 1 2 3
Iogm(MPIIVI w)

Figure A2. CDF of the planetary mass property for different subsets. (a) EU-OPEN; (b) OPEN-ARCHIVE;
(c) ARCHIVE-EU blue: Overlap, red: UA, yellow: UB.

We found that most of the disagreement between the overlap and unique subsets to be concentrated
in the region of lower-mass planets. At present, most planets with masses < 10Mg,, are estimated from
TTVs in multi-planetary systems. Usually, the mass of a planet detected through TTV is not resolved
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directly, and in practice, is degenerate with the planet’s eccentric orbit [18], following knowledge on
an upper mass limit, rather than a nominal value. Consequently, we found the catalogs use different
inclusion criteria for these kinds of planets with no uniform approach to displaying this mass limit.
Sometimes the catalogs chose to omit the value altogether, sometimes to display it as an upper limit,
but in many cases, the mass limit was reported as a legitimate nominal estimate. The derived CDF
presented in Figure A2 suggest the EU catalog, as opposed to the ARCHIVE and OPEN, displays many
of its TTV planets’ mass as the reported upper limit value given from their confirmation paper without
any strict filtering. The modest agreement we found between the OPEN and ARCHIVE unigue parts
was artificial, driven from the similar number of TTV planets the two catalogs choose to include.

Appendix A.1.2 Planetary Radius and Orbital Period

Although we inspected the properties of planetary radius and orbital period separately, we found
the result of the comparison analysis between their overlap and unique subsets to be similar. We present
the number of planets with reported radii, calculated p-values and CDFs of the different subsets in
Tables A4 and A5 and Figure A3, respectively. We present the number of planetary orbital periods and
calculated p-values and CDFs of the different subsets in Tables A6 and A7 and Figure A4, respectively.

Table A4. Catalogs’ subsets total number of planets with listed planetary radius.

Catalog Overlap UA uB
EU-OPEN 2691 116 40
OPEN-ARCHIVE 2667 64 244
ARCHIVE-EU 2703 208 104

Table A5. p-values of the different catalogs” KS test for the planetary radius property.

Catalog Overlap vs. UA  Overlap vs. UB UA vs. UB
EU-OPEN <10710 0.74 0.02
OPEN-ARCHIVE <1010 0.03 <10~10
ARCHIVE-EU 0.01 <10710 <1010

=
0.8 0.8 0.8
L, 06 L, 06 L 06
a o =)
o O O
0.4 0.4 0.4
0.2 / 0.2 0.2
7/
P
0 L—== 0 0
0.5 0 0.5 1 15 -1 0 1 2 -1 0 1 2
IOg1O(RP/R 1:,‘) Iog1O(RP/R ZE‘,-) Iog10(RP/R {1:-)

Figure A3. CDF of the planetary radius property for different subsets. (a) EU-OPEN; (b) OPEN-ARCHIVE;
(c) ARCHIVE-EU blue: Overlap, red: UA, yellow: UB.
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Table A6. Catalogs’ subsets total number of planets with listed planetary orbital period.

Catalog Overlap UA uB
EU-OPEN 3303 202 77
OPEN-ARCHIVE 3245 135 317
ARCHIVE-EU 3313 249 192

Table A7. p-values of the different catalogs” KS test for the planetary orbital period property.

Catalog Overlap vs. UA  Overlap vs. UB UA vs. UB
EU-OPEN <10~10 4x10°8 0.31
OPEN-ARCHIVE 1077 2x1073 5 x 10710
ARCHIVE-EU 0.02 <10~10 <10-10
(a) (b) (c)
1
0.8 / 0.8 0.8
L 0.6 L 06 L 0.6 /
a a a
O o4 O o4 O o4
0.2 0.2 0.2
0= 0 0
0 2 4 0 2 4 0 2 4
Iogm(Period (days)) Iog10(Period (days)) Iogm(Period (days))

Figure A4. CDF of the planetary orbital period property for different subsets. (a) EU-OPEN; (b)
OPEN-ARCHIVE; (c¢) ARCHIVE-EU blue: Overlap, red: UA, yellow: UB.

In the analysis of both properties, we found relative similarity between the overlap and unique
subsets of the ARCHIVE catalog and a large difference with the EU and OPEN subsets. It seems that
the OPEN and EU unique parts are shifted towards larger radii (Rp > 1R;) or longer orbital periods.
However, when we examined the list of ARCHIVE unique planets we found over 75% of them to be K2
planets. We found also a similar ratio of Kepler and K2 planets that populate the overlap ARCHIVE
subset. These two facts together suggest the reason for the good agreement we found between the
ARCHIVE overlap and unique subsets related to the similar properties and biases that emerged from the
transiting detected Kepler and K2 planets: Relative small radii (Rp < 4Rg) and short orbital period
(Period < 100 days) [29]. Other differences we found between the listed subsets are: Listed planets
where the confirmation paper has used some theoretical M-R relations to infer the planetary radius
(or mass), some unusual large radii planets suffering strong tidal forces due to their proximity to the
parent stars (in short periods), planets with a ‘strange’ transiting light curves that make the planetary
detection more controversial, etc.

We conclude that the reason for the disagreement between the catalogs radii and orbital period
distributions is derived from: (1) Different criteria for including planets in the catalogs that do not
emerge directly from the criteria presented in Table 1; (2) Different update and confirmation processes
for new candidates.

Appendix A.1.3 Planetary Mass-Radius-Period (MRP)

In this subsection we compare the total number of planets in each catalog for a subset in which all
three properties of planetary mass, radius and orbital period are available. Information of these three
physical properties can provide important constraints for planetary characterization and formation
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models [7]. Most of the current MRP planets were detected with both RV and transit methods while,
as of today, most confirmed mass-radius planets are not TTV detected [30]. Consequently, we expect
to detect especially large mass-radius, close orbit planets (Hot-Jupiters) around bright solar-like stars.
As before, we started by analyzing the MRP distributions of the different catalogs (including the
ORG catalog). We present in Table A8 and Figure A5 the p-values of the corresponding KS tests and
relevant empirical cumulative distribution functions (CDF) of each subset respectively.

Table A8. Same as Table A1, but for planets with combined information of planetary properties.

Planet Property EU-ORG EU-ARCHIVE ARCHIVE-ORG EU-OPEN OPEN-ARCHIVE OPEN-ORG

Mp <1010 0.73 <1010 0.69 0.92 <10-10
Rp <10710 0.98 <10710 0.21 0.24 <10710
Period <10~10 0.99 <10~10 0.81 0.58 <10-10

1 1
0.8 0.8
0.6 0.6
5 =) &
© © o4 © o4
0.2 0.2
0 0.5 1 0 1 2 3
Iogm(MP /M @) Iogm(RP /R ®) Iogm(Period (days))

Figure A5. Same as Figure A1, but for planets with combined information of planetary properties.

Similar with the overall catalogs comparison, excluding the ORG catalog with its added theoretical
supplement, all three other catalogs agreed on their distributions. We noted that as expected, the
distributions were different than those displayed for the separate properties (see Figure A1), with
indeed a higher number of planets in the large mass-radius and small period regimes.

By comparing the total numbers, p-values and distributions of the catalogs subsets (Tables A9
and A10 and Figure A6), we found most of the disagreements between the overlap and unique subsets
to be evident in the small planetary regime of TTVs’ detected planets. We found the unique subsets,
and especially the planetary masses distributions, to be similar between the catalogs, although the
listed planets are different. We conclude that most of the disagreement with the planets of listed MRP
comes especially from the different approaches each catalog uses for the confirmed TTV planets.

Table A9. Catalogs’ subsets total number of planets with listed mass-radius-period (MRP) properties.

Catalog Overlap UA uB
EU-OPEN 520 135 36
OPEN-ARCHIVE 465 91 110

ARCHIVE-EU 528 47 127
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Table A10. p-values of the different catalogs’ KS test for the planetary MRP properties.

Catalog Planetary Property = Owverlap vs. UA  Overlap vs. UB UA vs. UB
Mp 2 %1078 6x1073 0.49
EU-OPEN Rp <10-10 2 x 1077 0.46
Period 8 x 10°° 103 0.23
Mp 6 x 1075 3x107° 0.34
OPEN-ARCHIVE Rp 7 x 1072 <1010 2 %1073
Period 6 x107* 3 x 10711 0.05
Mp 0.02 3x1077 0.51
ARCHIVE-EU Rp 3 %1077 8 x 1077 0.02
Period 8 x 10~* 0.23 0.05
(a) (c)
0.8 / 0.8
w 06 4 w 0.6
a g a
O 04 O 04
0.2 0.2
0 0 =
0 1 2 3 0 1 3 0o 1 2 3
log, ,(M,/M ) log, ,(M,/M ) log, ,(M;/M )
0.8 0.8 0.8
w 0.6 w 0.6 w 0.6
@) =) =)
O 04 O 04 O 04
0.2 0.2 //_( 0.2
0 L
0 0.5 1 0 0.5 1 0 05 1
log, ,(R./R 69) log, ,(R,/R @) log, ,(R,/R 63)
0.8 0.8 Za 0.8 '
w 06 w 0.6 w 0.6
@) Q Q
O 04 O 04 O 0.4
0.2 0.2 0.2 ;
0 2 4 0 2 0 2 4
log, ,(P(days)) log, ,(P(days)) log, ,(P(days))

Figure A6. CDF of the MRP properties for different subsets. (a) EU-OPEN; (b) OPEN-ARCHIVE; (c)
ARCHIVE-EU blue: Overlap, red: UA, yellow: UB.



Geosciences 2018, 8, 325 15 of 22

Appendix A.2 Planetary Systems

We first compared the different catalogs by using a KS test for the stellar properties of the planetary
systems of mass (M), metallicity ([Fe/H]) and surface temperature (T, 7f)- Table 2 summarizes the
number of available objects in each catalog for the different properties. We present in Table A11 and
Figure A7 the p-values of the corresponding KS tests and relevant empirical CDFs of each subset
respectively. We found the distributions to be very similar between all catalogs. The slightly lower
metallicity p-values we found was caused by the large error that follows the metallicity property
measurement and does not relate to any different distribution between the catalogs.

Table A11. p-values of the different catalogs” KS test for various stellar properties.

Stellar Property EU-ORG EU-ARCHIVE ARCHIVE-ORG EU-OPEN OPEN-ARCHIVE OPEN-ORG

M. 0.77 0.59 0.56 0.76 0.33 0.93

[Fe/H] 0.08 0.99 0.03 0.07 0.01 0.28

Toff 0.55 0.99 0.74 0.94 0.89 0.99

MI
0.8 /g’ 0.8 0.8
w 06 f w 06 L 06
=) (@) a
0.2 0.2 0.2
0 0
0.4 -0.2 0 04 -02 0 02 3.6 37 3.8
lo T, (K
log, (M./M ) [Fe/H] 9,0(T.(K)

Figure A7. CDFs of the stellar mass, metallicity and surface temperature. The different colors
correspond to the different catalogs: blue: EU, red: ARCHIVE, orange: OPEN purple: ORG.

Similar with the planetary properties, we next compared the overlap and unique stellar properties
subsets between each pair of the EU-ARCHIVE-OPEN catalogs. We performed the following analysis
for the stars of each planetary system. As mentioned in Section 2, we also compared the distributions
of the first detect planet in each system to better understand the reasons for the possible differences.

Appendix A.2.1 Stellar Mass and Surface Temperature

Finding the stellar mass is an important prior when assessing a planet’s mass by the RV
method [31]. We expected to detect most of our overlap planets around F, G and K stars since most of
the planetary detection projects and efforts as of today have been dedicated towards searching planets
around a solar mass star. We present the number of objects with reported stellar mass (and first planet’s
planetary properties), calculated p-values and CDFs of the different subsets in Tables A12 and A13 and
Figures A8 and A9, respectively. We found the unique vs overlap subsets to be different, with higher
disagreement in the regime of small-mass stars (especially K and M-stars). The spectrum of M-stars
presents a difficulty for measuring, due to its intrinsic faintness and high activity [20]. Consequently,
detection of planets around these stars is supposed to be more difficult and somewhat controversial,
thus explaining why we found a higher relative number of these objects in the unique subsets.



Geosciences 2018, 8, 325

Table A12.
properties fractions.

Catalogs’ subsets

16 of 22

total number of objects with listed stellar mass and planetary

Catalog Stellar/Planet Property Overlap UA uB

M, 2306 185 157

Mp 904 122 60

EU-OPEN Rp 1867 105 129
Period 2268 159 157

M 2290 173 282

Mp 877 73 101

OPEN-ARCHIVE Rp 1833 141 218
Period 2253 171 263

M, 2348 224 143

Mp 1876 175 72

ARCHIVE-EU Rp 894 84 113
Period 2307 209 119

Table A13. Stellar mass and planet properties KS test p-values for the different catalogs.

Catalog Stellar/Planet Property Overlap vs. UA  Owerlap vs. UB UA vs. UB
M. <1010 0.06 8 x10°*
Mp 6 x 1073 0.11 0.77
EU-OPEN
Rp 2 %1073 9 %1073 1x107°
Period 0.02 2x10°8 8 x 1076
M, 0.12 <1010 0.01
Mp 0.44 0.16 0.46
OPEN-ARCHIVE Rp 0.11 0.19 0.05
Period 0.014 0.04 0.36
M, 2 x 1070 5x 1077 0.05
Mp 0.31 0.14 0.99
ARCHIVE-E
CHIVE-EU Rp 0.22 <1010 <10-10
Period 2 x 1073 2 x 108 8 x 107
@) - (b) ©
y 7l
0.8 0.8 0.8 /
w 0.6 w 0.6 w 06
a [m] [m]
© o4 © 04 © 04
0.2 0.2 0.2
-06 -04 -0.2 0 0.2 -06 -04 -0.2 0 0.2 -06 -04 -0.2 0 0.2

Iogm(M* M O)

log, (M, /M )

Iogm(M* M O)

Figure A8. CDF of the stellar mass property for different subsets. (a) EU-OPEN; (b) OPEN-ARCHIVE;

(c) ARCHIVE-EU blue: Overlap, red:

UA, yellow: UB.

When comparing the planetary properties of the first detected planets in these systems, we
observed a bias towards small planets that were probably easier to detect around lower mass stars.
We also found a small fraction of long orbital period planets (Period ~ 1000 days) derived from
direct imaging of large, high mass, semi-major axis objects around a small mass star or brown dwarf
(especially evident in the EU subsets).
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Examining the stellar surface temperature (not displayed here), we found the unigue vs. overlap
subsets analysis to be analogous to that of the stellar mass analysis. This was no surprise, especially
because of the well-known correlation the two properties possess according to some mass-luminosity
relation [32]. For this reason, we have chosen not to elaborate about it here.

(b)

0.8 0.8
L 06 L 0.6
[m] ] (m]
5. ©o04

0.2 0.2

0

log;o(Mp/M )

0.8
u 06
=)
© 04
0.2
0 05 1 0 0.5 1 0 0.5 1
|Og10(RP/R @) IOg10(Rp/R @) IOg10(RP/R EB)
1 =
08 0.8 Y 0.8
w 06 w 0.6 u 06
o [m] (@)
O 04 © o4 O 4
0.2 02t/ 0.2 j
L
0
0 2 4 1 2 3 4 0 2 4
log , ,(Period(days)) log , ,(Period(days)) log, ,(Period(days))

Figure A9. CDF of the planetary properties for different subsets of the first detected planet systems
with reported stellar mass property. (a) EU-OPEN; (b) OPEN-ARCHIVE; (¢) ARCHIVE-EU blue:
Owerlap, red: UA, yellow: UB.

Appendix A.2.2 Stellar Metallicity

We found the catalogs usually reported the metallicity property with high relative errors, probably
linked to imprecise derivation that is used to determine the metallicity value. Combined with the
different survey sources the exoplanet catalogs choose to present in their sites, we consequently found
the highest inconsistency between catalogs to be with this parameter (as compared with the other
stellar and planetary properties). We present the number of objects with reported stellar metallicity
(and first planet’s planetary properties), calculated p-values and CDFs of the different subsets in
Tables A14 and A15 and Figures A10 and A11, respectively. We found the unique vs. overlap subsets to
be yet again different. While the overlap subsets have a clear peak around solar metallicity, the unique
subsets have a wider range of metallicities values. Combining information we acquired from the
system’s first detected planet, we noted the unique OPEN subset to be populate with a relatively low
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number of small planets: The OPEN catalog lists fewer Kepler planets with their stellar metallicity,
and hence they automatically move to the opposite unique subset. We found the unique subsets of the
ARCHIVE catalog to be especially distributed with a wide variance coming from its population of
many K2 and Kepler small radii planets [24].

Table A14. Catalogs’ subsets total number of objects with listed stellar metallicity and planetary
properties fractions.

Catalog Stellar/Planet Property Overlap  UA uB
[Fe/H] 2035 409 53

Mp 798 97 48

EU-OPEN Rp 1654 103 24
Period 2034 407 52

[Fe/H] 1937 151 487

Mp 691 137 108

OPEN-ARCHIVE Rp 1554 103 450
Period 1936 150 486

[Fe/H] 2266 158 178

Mp 732 67 144

ARCHIVE-EU Rp 1871 133 134
Period 2264 158 176

Table A15. Stellar metallicity and planet properties KS test p-values for the different catalogs.

Catalog Stellar/ Planet Property Overlap vs. UA  Overlap vs. UB UAvs. UB
[Fe/H)] <10710 0.04 9 x 1074
Mp 5x107° 0.24 0.11
EU-OPEN
Rp 2x10°° 8 x 1074 3x10°°
Period <10710 2x 1073 10°
[Fe/H] 0.02 <1010 3x 1077
-5 —4
OPEN-ARCHIVE Mp 0.15510 2 % 1076 3 x 15)10
Rp <10 1x10 <10
Period 3 x 1077 <1010 7 x 1070
[Fe/H) 2% 1072 0.19 1073
Mp 0.48 0.12 0.33
ARCHIVE-EU Rp 0.89 <10-10 <10-10
Period 0.05 3 x107° 3x 1073

(b)

1
0.8

w 0.6 TN

[a)] )]

O O
0.4
0.2

0.5 -0.4 -0.2 0 0.2 -04 -0.2 0 02 04
[Fe/H] [Fe/H] [Fe/H]

Figure A10. CDF of the stellar metallicity property for different subsets. (a) EU-OPEN;
(b) OPEN-ARCHIVE; (¢) ARCHIVE-EU blue: Overlap, red: UA, yellow: UB.
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Figure A11. CDF of the planetary properties for different subsets of the first detected planet systems
with reported stellar metallicity property. (a) EU-OPEN; (b) OPEN-ARCHIVE; (c) ARCHIVE-EU blue:
Owerlap, red: UA, yellow: UB.

Appendix A.3 Specific Examples of Differences between the Catalogs

Below, we present some of the examples we have come across during this analysis. These examples

emphasize some of the differences between the catalogs reported planetary and stellar properties:

@

Planetary mass inconsistency: ‘Kepler-114 ¢’ is a TTV detected mass planet. The EU catalog
displays its mass to be M, ~ 40 Mg [26]. However, since this measurement is an upper
limit, we found it to be inconsistent with the nominal measurement the ARCHIVE displays
of M, ~ 2.8Mg [28], while the OPEN catalog does not include this planet; The system of
‘Kepler 53 b,¢’ is labeled in the ARCHIVE catalog with main planetary mass of Mp <18 M; and
Mp < 15 My, for planets ‘b’, ‘¢’ respectively [25], however a later paper [26] reports the masses
to be much smaller, Mp ~ 0.18 M;, Mp ~ 0.11 Mj, respectively, as listed in both EU and
OPEN. Both EU and OPEN display the mass properties of ‘Kepler-446 b,c,d’, however according
to the reference article [27], the given value is only a coarse estimate for the planets masses
and expected semi-amplitudes radial velocities signatures using recent empirically-measured;
‘Hd181720 b’ is an object that is listed in the OPEN unique with a mass of M, ~ 0.37 M;. On the
other hand, the EU catalog lists its mass to be M, ~ 12.12 M; (and because of a planet mass
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(In)

(1)

(Iv)

larger than our 10 M cutoff, dropped from our analysis). The explanation for this difference is
referred in EU to be related with the planetary inclination, measured by astrometry, to be small
(i ~1.75°,[33]), resulting indeed with a Mp-sini ~ 0.37 M; that was set to be the planet mass in
the OPEN catalog.

Planetary radius inconsistency: ‘CoRoT-21 V" is a R, ~ 1.3R; planet in short orbit ( Period ~ 2.7 days)
which exchanges extreme tidal forces with its parent star [34], and is listed in the EU and OPEN
catalogs only; On the other hand, the radius of ‘HD 219134 d’ with a bottom radius limit > 1.6R¢ [35]
is listed only on the ARCHIVE catalog.

Planetary orbital period inconsistency: ‘51 Eri b’ is an imaged astrometric giant planet with
an assumed orbital period of period~14965 days (41 years) listed on both the EU and OPEN
catalogs [36], but with missing information in the ARCHIVE, displaying only the semi-major axis
measurement [37]. Another difference between the catalogs for this planet is with its reported
planetary mass: M, ~ 2 M; (OPEN and ARCHIVE) M, ~ 9 M; (EU); 'Kepler-37 ¢’ is a TTV
detected planet reported only on the ARCHIVE and OPEN catalogs with no extra reported
information except to each period of period~51.19 days [26].

Stellar mass inconsistency: ‘HIP 57050 b’ [38] is listed in all three catalogs but with a missing
stellar mass measurement (M, ~ 0.34M) in the ARCHIVE catalog; ‘OGLE-2014-BLG-1722 b’
isa M, ~ 55.3Mg planet detected by the Microlensing method around a M, ~ 0.4M star
(two-planet system), listed only on the EU catalog [39].
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