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HIGHLIGHTS

o Stars hosting multiplanetary systems tend to be less metallic than the Sun.
e More compact systems have more similarly sized planets than low compactness systems.
e Debris disk candidates around stars with multiplanetary systems are identified.
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We carry out analyses on stellar and planetary properties of multiple exoplanetary systems in the cur-
rently available sample. With regards to the stars, we study their temperature, distance from the Sun,
and metallicity distributions, finding that the stars that harbour multiple exoplanets tend to have sub-
solar metallicities, in contrast to metal-rich Hot Jupiter hosts; while non-Hot Jupiter single planet hosts
form an intermediate group between these two, with approximately solar metallicities. With regards to
the planetary systems, we select those with four or more planets and analyse their configurations in
terms of stability (via Hill radii), compactness, and size variations. We find that most planetary pairs
are stable, and that the compactness correlates to the size variation: More compact systems have more
similarly sized planets and vice versa. We also investigate the spectral energy distributions of the stars
hosting multiple exoplanetary systems, seeking infra-red excesses that could indicate the presence of de-
bris disks. These disks would be leftovers from the planetary formation process, and could be considered
as analogues of the Solar System’s Asteroid or Kuiper belts. We identify potential candidates for disks
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that are good targets for far infra-red follow-up observations to confirm their existence.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

More than 3400 extrasolar planets and planet candidates are
currently known, forming more than 2500 planetary systems. Of
these, 575 are multiplanetary systems (as of June 2016, accord-
ing to The Extrasolar Planets Encyclopaedia'). In the last two years,
the Kepler mission has doubled the sample of known planets and
especially of multiplanetary systems, via a technique of statistical
validation (Lissauer et al., 2014; Rowe et al., 2014). This increase
makes the multiple exoplanetary systems good candidates for ini-
tial comparative studies among them.

In this contribution, we present exploratory analyses of stellar
and planetary properties of multiple exoplanetary systems in the
currently available sample, with the aim of showing their archi-
tectures. We caution, however, that this study does not point to a
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comprehensive and detailed description, since the existence of dif-
ferent biases cannot be disregarded. In spite of this, emerging dif-
ferences and/or similarities with the Solar System can be identified
and kept in mind for future confirmation as the current technical
limitations on exoplanet detections are overcome.

Section 2 presents analyses of the properties of the host stars
(temperature, distance, and metallicity) and the planetary systems
(compactness, stability, and applicability of Titius-Bode ‘laws’). In
Section 3 we identify debris disks candidates among stars that host
multiplanetary systems, via infra-red excesses in their spectral en-
ergy distributions. Section 4 presents our conclusions.

2. Analysis

In this work, we divide multiplanetary systems into small
systems, defined as those with 2 or 3 planets, and large systems,
with 4 or more planets. This division, to some degree, is arbitrary.
However, considering that the solar system is the largest planetary
system known to date, with eight planets, and as a first try, we
define the boundary between what we call small and large sys-


http://dx.doi.org/10.1016/j.newast.2017.02.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/newast
http://crossmark.crossref.org/dialog/?doi=10.1016/j.newast.2017.02.003&domain=pdf
mailto:mhobson@oac.unc.edu.ar
http://www.exoplanet.eu
http://dx.doi.org/10.1016/j.newast.2017.02.003

2 M,J. Hobson, M. Gomez/New Astronomy 55 (2017) 1-12

tems at three planets?. In total, we have 509 small systems and 66
large systems. We investigate stellar properties, comparing stars
that host small and large systems. The aim of this comparison is to
investigate whether any differences or similarities emerge between
host stars in both groups. We delve into the configurations of the
large systems, and carry out an initial characterization of their
properties such as the compactness and stability of the planetary
configurations. Finally, we search for infrared excesses that may
indicate the presence of debris disks.

All stellar and planetary data (save where otherwise indicated)
were obtained from The Extrasolar Planets Encyclopaedia. The statis-
tical analyses were performed with R codes (R Core Team, 2014).

2.1. Stellar properties

2.1.1. Stellar temperature

Save for exceptional cases such as planetary systems in pulsars
(e.g. Wolszczan and Frail 1992; Bailes et al. 2011), the majority of
stars with detected planets correspond to spectral types M to F,
with a predominance of G-type stars (as can be seen in The Ex-
trasolar Planets Encyclopaedia data). This is due to search and ob-
servation tendencies: on the one hand, G-type stars (such as the
Sun) have historically been the most studied, in attempts to find
analogues to our planetary system. On the other hand, as these
stars possess many narrow metallic lines in their spectra, they are
ideal targets for radial velocity searches. For example, the highly
successful HARPS planet search constrains its targets to late-F to
late-K stars (Mayor et al., 2011).

Transit missions such as Kepler, which monitor all stars in a
sector of the sky, do not in principle have such a marked tendency
to favour G stars. However, the dip in stellar brightness caused by
a transit is proportionally smaller for high-luminosity stars than
for low-luminosity ones. Also, as M to F stars are relatively low
in mass, the stellar habitability zone? is closer to the star, meaning
that the probability of finding potentially habitable transiting plan-
ets is higher for low-mass stars. Finally, there are more low-mass
than high mass stars in the Galaxy.

While The Extrasolar Planets Encyclopaedia reports stellar tem-
peratures, they are generally from different sources. Therefore, in
order to have a uniform sample, we used four works: Rowe et al.
(2014), who provide stellar parameters for a great number of stars
from the Kepler sample; Adibekyan et al. (2012), who derive pa-
rameters for 1111 target stars for the HARPS planet search; Santos
et al. (2013), who determine parameters for 635 stars with plan-
ets; and Maldonado et al. (2012), who give parameters for Sun-
type stars with debris disks and planets. Santos et al. (2013) shares
some stars with all three of the other works, while Adibekyan et al.
(2012) and Maldonado et al. (2012) have stars in common with
each other. In all cases, the stellar temperatures of these common
objects are in agreement within error values. For stars not included
in any of the four catalogues (8% of the sample), the temperatures
reported by The Extrasolar Planets Encyclopaedia were used. Finally,
any stars listed in The Extrasolar Planets Encyclopaedia as belonging
to an evolved spectral class were removed from consideration.

Fig. 1 shows histograms of stellar temperature for small and
large systems. In both cases, the temperatures correspond to stars
with spectral types M to F, and G-type stars are predominant.
The mean temperatures are 5479 K for stars with small systems,
and 5387 K for stars with large systems. The temperature distri-
butions are not statistically different, which probably reflects the

2 Among the largest extrasolar planetary systems known, we can mention Ke-
pler 90, with 7 transiting planets (Lissauer et al. 2014; Cabrera et al. 2014), and HD
10180 that may have evidence for as many as 9 planets (Tuomi 2012).

3 Range of distances from the star such that a planet within them can possess
liquid water on its surface.
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Fig. 1. Histograms of stellar temperature for small systems (2-3 planets) and large
systems (4 or more planets).
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Fig. 2. Stellar distance histograms for small systems (2 to 3 planets) and large sys-
tems (4 or more planets).

bias of radial velocity and transit techniques towards solar spec-
tral types. In the future, improving our capability to detect plan-
ets around earlier and later spectral types should probably show
a preference of larger planetary systems to be located around ear-
lier and more massive host stars; these have more massive disks,
from which more planets can be formed. Current works hint at a
positive correlation between stellar mass and primordial disk mass
(e.g., Greaves 2010; Andrews et al. 2013; Ansdell et al. 2016), in
addition to the known correlation between the mass of the host
stars and the occurrence of giant planets (e.g., Johnson et al. 2007;
Gaidos et al. 2013). However, it must also be noted that the life-
time of massive disks is shorter, which may limit the formation of
massive planets (e.g. Ribas et al. 2015).

2.1.2. Stellar distance

Most detection techniques are only effective for relatively close
stars. As an example, Kepler reaches magnitude ~15, which is
equivalent (for Sun-like stars) to a distance of some 1100 parsec;
but this is an upper limit, and most Kepler systems are much
closer, with a median distance of 700 parsec. Most transit-detected
planetary candidates are within this range, save those detected by
the SWEEPS mission which surveyed a field in the Sagittarius I
window of the Galactic Bulge (Sahu et al., 2006); the same ap-
plies to radial velocity-detected planets. The timing technique has
allowed the detection of planets around more distant stars, some
at more than 3000 parsec, the furthest known being the single
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(a) Planetary mass histograms for the
smallest planets of small systems (2 to 3
planets) and large systems (4 or more plan-
ets) with known masses and stellar dis-
tances.
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(b) Planetary radius histograms for the
smallest planets of small systems (2 to 3
planets) and large systems (4 or more plan-
ets) with known radii and stellar distances.

Fig. 3. Planetary size histograms for the smallest planets of small systems (2 to 3 planets) and large systems (4 or more planets) with known stellar distances, separated by
masses and radii. It can be seen that in both cases, the distributions for large systems are centred around smaller planetary sizes than those for small systems.

planet PSR B1620-26 b at 3800 parsec (Thorsett et al., 1993). How-
ever, the technique with the longest range is that of gravitational
microlensing, through which several planets at distances of more
than 4000 parsec have been detected, including the most distant
multiple system (OGLE-2012-BLG-0026L at 4800 parsec, Han et al.
2013).

Fig. 2 shows log(stellar distance) histograms for small systems -
mean distance d = 123 parsec - and large systems - mean distance
d = 45 parsec. All distances were taken from The Extrasolar Planets
Encyclopaedia, which provides distances for 196 (39%) of our small
systems and 17 (26%) of our large systems. The two peaks clearly
visible in the histograms (particularly in those for small systems)
correspond to planets detected by the radial velocity and transit
techniques respectively.

The distance distributions in Fig. 2 are statistically different
(p — value = 0.01); however, this is almost certainly due to selec-
tion effects. Larger or more massive planets are easier to detect.
Consequently, it is reasonable to assume that these planets are
found first. In a planetary system with a given number of planets,
the probability of detecting an additional (smaller or less massive)
one increases with the closeness of the host stars to the Sun. The
smaller mean distance of large systems reflects this fact.

Fig. 3 shows histograms of the radius and mass distributions
of the smallest or less massive planets in large and small plane-
tary systems with known stellar distances. The medians are: for
radii of smallest planets, 0.099 R; for large systems and 0.144 R,
for small systems; for masses of least massive planets, 0.024 M;
for large systems and 0.265 M; for small systems. On average, for
small planetary systems with known stellar distances, the smallest
or less massive planets are larger or more massive than for large
planetary systems with known stellar distances, implying they can
be detected from a larger distance. This conclusion also holds if
we analyse the distributions of all known systems, including those
without known stellar distances.

2.1.3. Stellar metallicity

Gonzalez (1997) studied four stars hosting planetary candidates
(v And, T Boo, 55 Cnc and 51 Peg), finding in all cases that they
possessed high metallicities in comparison to nearby stars. This
was the first evidence for a planet-metallicity correlation: stars
with planets tending to be more metallic than the Sun. Fischer and
Valenti’s (2005) on a far larger sample showed the same tendency.
However, later works (e.g. Udry and Santos 2007) found that this

relation is strong only for giant planets close to their host stars,
that is for Hot Jupiters.*

The situation for Neptune and Earth type planets is not so clear.
In their analysis of the 304 exoplanets then known, Hébrard et al.
(2010) found that planets with masses below 20Mg were more
numerous around low-metallicity stars. They also reported a ten-
dency of low-mass planets to be preferentially found in multi-
ple systems. While Neves et al. (2013) found a flat relation which
hints of an anti-correlation between the presence of these planets
and stellar metallicity, Wang and Fischer (2015) found that these
planets (as well as gas giants) are more common around metal-
rich than metal-poor stars, though the correlation is weaker than
for gas giants. Buchhave and Latham (2015), meanwhile, found a
metallicity distribution that does not differ from that of stars with-
out planets for the Kepler sample. Zhu et al. (2016) explain the
discrepancies between the last two studies by noting various sys-
tematic effects in both works, on one hand, and the high occur-
rence and low detection efficiency of small planets in general, on
the other. They conclude that a planet-metallicity correlation for
small planets with the same form as that for giant planets cannot
be ruled out.

Taking this framework into account, we elected to compare stel-
lar metallicities not only between small and large systems, but also
with single-planet systems, discriminating between those with Hot
Jupiters and those without. It is important to note here that most
multiplanetary systems do not contain Hot Jupiters; likewise, Hot
Jupiters are generally alone in their systems (Latham et al., 2011).

Though The Extrasolar Planets Encyclopaedia reports stellar
metallicities, they are generally from different sources. Therefore,
in order to have a uniform sample, we used the same four works
cited in Section 2.1.1. There are sufficient common objects be-
tween Santos et al. (2013) and Rowe et al. (2014), Santos et al.
(2013) and Adibekyan et al. (2012), and Adibekyan et al. (2012) and
Maldonado et al. (2012), to allow for comparison. Linear fits of the
reported metallicities for common stars correspond to the equa-
tions

[Fe/H]santos = (0.80 = 0.16)[Fe/H]gowe + (0.02 £ 0.03),

d[Fe/H]Smes = (1.01 + 0.01)[Fe/H] agipekyan + (0.004 £ 0.001),
an

4 Hot Jupiters are defined as planets with mass 2 0.5M; and semi-major axis <
0.1AU.
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Fig. 4. Metallicity histograms for stars with small systems (top), large systems (second), Hot Jupiters (third), and non-Hot Jupiter single planets (bottom). The vertical blue

line indicates the median metallicity for each group.

[Fe/H]agibekyan = (0.99 £ 0.07)[Fe/H]yaidonado + (0.01 £ 0.02) re-
spectively. All are close to the identity equation with a small error
range; this suggests that the unification of these catalogues should
be fairly homogeneous. Finally, for stars not included in any of the
four catalogues, the values reported by The Extrasolar Planets Ency-
clopaedia were used.

Fig. 4 shows metallicity histograms for stars with small sys-
tems, large systems, Hot Jupiters, and non-Hot Jupiter single plan-
ets. Table 1 gives the mean and median metallicities and standard
deviations for each group. For multiple systems both large and
small, the average stellar metallicity is sub-solar, whereas for sys-
tems with Hot Jupiters it is greater than the Sun’s, and for non-Hot
Jupiter single planets it is practically solar. The standard deviations,
however, are relatively large.

With regards to the cumulative metallicity distributions, the
Kolmogorov-Smirnov test (from now, KS test) indicates that the
distributions for large and small systems are not significantly dif-
ferent (p — value = 0.89). The cumulative distribution for stars with
Hot Jupiters, on the other hand, differs significantly from those
of both large systems (p — value =7.29-107%) and small systems
(p — value = 8.77 - 10~ 13). Likewise, the cumulative distribution for
stars with single non-Hot Jupiter planets differs significantly from
those of both large systems (p— value =0.003) and small sys-
tems (p — value = 7.62 - 10~ 1), Fig. 5 shows the cumulative metal-
licity distributions for stars with small systems, large systems, Hot
Jupiters, and non-Hot Jupiter single planets; around 60% of the
stars hosting both small and large systems have sub-zero metal-
licities, compared to only 40% of those which host Hot Jupiters.
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Table 1
Statistics for the four metallicity groups.
PlaHEt(S) hosted [FG/H] [Fe/H]a U[FE/H] Mlargest planet JMlargestplanet
M)] (M)]
Large system —0.06 —0.03 0.22 0.02 0.54
Small system —0.03 -0.02 0.25 0.02 1.51
Hot Jupiter 0.09 0.10 0.20 1.17 6.56
Non-Hot Jupiter single 0.01 0.01 0.16 0.02 2.09

2 X is the median of X.
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Fig. 5. Cumulative metallicity distributions for stars with large systems (green
dashed), small systems (black solid), Hot Jupiters (red dotted), and non-Hot Jupiter
single planets (blue dash-dotted). The solid blue vertical line indicates the solar
metallicity. 60% of multiplanetary system hosts, 40% of Hot Jupiter hosts and 50%
of non-Hot Jupiter single planet hosts, are less metallic than the Sun. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

For single non-Hot Jupiter planet hosting stars, there are equal
amounts with sub- and supra-solar metallicities.

To summarize, stars with small and large systems do not differ
in metallicity, tending to be less metallic than the Sun. This is in
agreement with Hébrard et al.’s (2010) findings that small planets
- which are generally found in multiple systems - are more nu-
merous around metal-poor stars. Stars that possess Hot Jupiters, in
contrast, are on average more metallic than the Sun, whereas stars
with non-Hot Jupiter single planets have on average solar metallic-
ities.

Fig. 6 shows the size distributions of the most massive planet
in each system for the small and large systems considered in
this work, together with the planetary mass distributions for Hot
Jupiters and non-Hot Jupiter single planets. For planets where only
the radius is known, we estimated the mass via a simple criterion
used by Lissauer et al. (2014):

R 2.06
M, = (é) Mg for Ry > Rg

3
M, = (%) Mg for Ry < Re. 1)

with Rg and Mg the terrestrial radius and mass respectively.

It can be seen that small planets effectively dominate the dis-
tributions for multiple systems (see also Latham et al. 2011). The
median values of each distribution are listed in Table 1 and shown
in Fig. 6; those for small systems, large systems, and non-Hot
Jupiter single planets are identical, although their standard devia-

tions vary. The cumulative planetary mass distributions, however,
are significantly different according to the KS test, with that of
non-Hot Jupiter single planets covering a wider range of masses
than those of the multiple systems (Fig. 7). In particular, the low-
mass sections of the distributions differ: the non-Hot Jupiter sin-
gle planets group has a higher percentage of small planets than
the multiple systems. The high-mass sections are not significantly
different (according to KS tests performed on subgroups cropped
to Mp > 0.5M). It can also be seen that the distributions for
small systems, large systems, and non-Hot Jupiter single planets
are much closer to each other than to the distribution for Hot
Jupiters.

Thus, it is not surprising that the metallicity distributions of
multiple planetary systems (both small and large) are closer to the
distribution of single systems without Hot Jupiters than to the dis-
tribution of single planetary systems harbouring Hot Jupiters. Ad-
ditionally, the difference in metallicities between multiple systems
and single systems without Hot Jupiters does not appear to be ex-
plained simply by a greater presence of giant planets in the second
sample.

While some of the ‘single-planet’ stars considered here may
in fact host additional non-detected planets, this should not in
principle affect these results: assuming that these ‘hidden’ multi-
planet hosts follow the same trend towards low metallicity found
for known multiplanet hosts, their removal from the single-planet
hosts samples would if anything shift the mean metallicities of
these samples towards higher values. A similar trend can be found
in Buchhave and Latham (2015): their original sample of stars with
planets included the metallicities of multiplanet-hosting stars re-
peated by the number of planets each star hosted. When they re-
moved these duplicate values, the average metallicity rose slightly,
suggesting that the multiplanetary hosts are effectively less metal-
lic than the single-planet hosts.

In this analysis, therefore, we find that a star does not appar-
ently need to be metal-rich in order to form planetary systems;
on the contrary, multiplanetary systems may form around stars of
any metallicity, and indeed their hosts tend to be metal-poor. The
tendency of Hot Jupiter hosts to be high in metallicity, and the
lack of a clear correlation for smaller planets, is explained by ac-
cepted planetary formation models such as that of core accretion
(e.g. Pollack et al. 1996; Ida and Lin 2004; Mordasini et al. 2012)
and tidal downsizing (e.g. Nayakshin and Fletcher 2015).

2.2. Planetary properties

We select the large planetary systems - that is, those with four
or more planets - for an initial characterization of their properties.

2.2.1. Hill Radii

If we wish to analyse the structure of the large planetary sys-
tems, as will be done in the next two subsections, it is important
to first verify that these systems are effectively stable. Therefore,
we calculate the separation in Hill radii between adjacent planets.
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Fig. 6. Size distributions of the most massive planet in each system for stars with large systems (top), small systems (second), Hot Jupiters (third), and non-Hot Jupiter
single planets (bottom). The vertical blue line indicates the median mass for each group. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

The Hill radius is defined as
_Cl1+(12 m1+m2)%. (2)

R =—5 (31\/1*

In order for two adjacent planets to be stable, they must have
a minimum separation of, depending on the adopted criteria, 7 Ry
(Lovis et al., 2011) to 3.46 Ry (Lissauer et al., 2014).

The separation in Hill radii was calculated for each pair of ad-
jacent planets. As it depends on the planetary mass, it was nec-
essary to estimate it from the planetary radius for those systems
where it was not measured. Once again we employed the crite-
rion of Lissauer et al. (2014), given in Section 2.1.3 (Eq. (1)). For
49 of our 66 large systems, all necessary data (stellar mass, plan-
etary mass or radius, semi-major axis) was available directly from
the Extrasolar Planets Encyclopaedia. For a further five systems, a

search of the literature provided us with the missing data,” bring-
ing the total of analysed systems up to 54.

Fig. 8 shows a histogram of the separations in mutual Hill radii
for adjacent planetary pairs. Most are effectively stable, though this
can only be a tentative result due to the necessity of estimating
planetary masses from their radii. Table 2 lists the systems anal-
ysed, the stability of the planetary pairs, and notes whether their
stability has been previously studied in the literature. Of the 54
systems under consideration, three were not previously analysed:

5 HD 219134: stellar mass from Motalebi et al. (2015); Kepler-132 : stellar mass
from Everett et al. (2015); Kepler-197: stellar mass from Van Eylen and Albrecht
(2015); Kepler-296: stellar mass from Torres et al. (2015); Kepler-80: stellar mass
and semi-major axes from MacDonald et al. (2016).
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GJ] 667 C, G] 676 A, and mu Ara. For GJ 667 C, all adjacent plane-
tary pairs are stable with separations above the 7Ry limit.

GJ 676 A and mu Ara both have one planetary pair below this
limit but above the 3.46 Ry limit. For GJ 676 A, planets b and
c are slightly below 7Ry with a separation of 6.36 Ry; however,
they are still stable at the 3.46 Ry limit. The other adjacent pairs,
d-e and e-b, are well above the 7Ry limit with separations of
4527 Ry and 12.42 Ry respectively. Mu Ara b and d are separated
by 5.53 Ry, while the c-d and b-e pairs have separations of 30.0 Ry
and 10.99 Ry respectively.

While the majority of the systems under consideration already
had stability analyses in the literature, this uniform study gives us
confidence in the reliability of the set of large planetary systems
as a whole. It is presented here as a necessary precondition for
the subsequent analyses performed on this set.

2.2.2. Compactness
We define ‘compactness’ as the ratio of the semi-major axis
of the innermost planet to that of the outermost planet. Fig. 9

Table 2

Stability of planetary pairs.
Name Stability? Literature®  Name Stability ~ Literature
55 Cnc e a Lol1 Kepler-256 b a R14
55 Cnc a Lol1 Kepler-251 a Li14, R14
GJ 667 C a Kepler-256 a R14
GJ 676 A b Kepler-265 a R14
GJ 876 c Lol Kepler-282 a Li14, R14
HD 10180 a Lo11 Kepler-292 a Li14, R14
HD 141399 b Vol4 Kepler-296 a Li14
HD 219134 b Mo15 Kepler-299 a R14
HD 40307 a Lo11 Kepler-304 a R14
HR 8799 c Gol4, G16 Kepler-306 a R14
Kepler-102 a Li14, R14 Kepler-33 b Li14, R14
Kepler-11 a R14 Kepler-338 a R14
Kepler-122 a Li14, R14 Kepler-341 a R14
Kepler-132 c Li14 Kepler-342 a R14
Kepler-154 a R14 Kepler-444 a Cal5
Kepler-167 a Li1l4, R14 Kepler-49 a Li14, R14
Kepler-169 a R14 Kepler-55 a Li14, R14
Kepler-172 a Li14, R14 Kepler-62 a Li14, R14
Kepler-186 a Lil4, R14 Kepler-79 a Li14, R14
Kepler-197 a Li14 Kepler-80 a Ma1l6
Kepler-20 b Li14, R14 Kepler-82 a Li14, R14
Kepler-208 a R14 Kepler-84 a Li14, R14
Kepler-215 a Li14, R14 Kepler-85 a R14
Kepler-221 a R14 Kepler-89 a Li14, R14
Kepler-224 a Li14, R14 Kepler-90 b Li14, R14
Kepler-235 a Li14, R14 mu Ara b
Kepler-238  a Li14, R14 ups And b Lol1
Kepler-245 a Li14, R14 WASP-47 a Bel5

2 Stability categories: a: all planetary pairs stable at the 7Ry separation limit. b:
all planetary pairs stable at the 3.46 Ry separation limit. c: at least one planetary
pair beneath the 3.46 Ry separation limit.

b Li14: Analysed in Lissauer et al. (2014). Lo11: Analysed in Lovis et al. (2011).
R14: Analysed in Rowe et al. (2014). Vo14: Analysed in Vogt et al. (2014). Mo15:
Analysed in Motalebi et al. (2015). Go14: Analysed in Gozdziewski and Migaszewski
(2014). G16: Analysed in Gotberg et al. (2016). Cal5: Analysed in Campante et al.
(2015). Ma16: Analysed in MacDonald et al. (2016). Be15: Analysed in Becker et al.
(2015).

shows the systems grouped by compactness. More compact sys-
tems seem, in this figure, to have more similarly sized planets than
less compact ones. Therefore, we define ‘size ratio’ as the ratio of
the size (mass where available, otherwise radius) of the smallest
planet to that of the largest planet, and compare the two param-
eters. As Fig. 10 shows, there is effectively a tendency for more
compact systems to have more similarly sized planets and vice
versa; a significant linear fit can be found between these param-
eters (p — value = 6.25 x 10~7). In other words, most compact sys-
tems have short period planets (Fig. 9) and also have similar, small
sizes (Fig. 10). On the contrary, less compact systems are, in gen-
eral, composed of larger distant planets and smaller closer planets.
These planetary systems tend to have large size-ratios (see Fig. 10).
Compact close-packed low mass planetary systems are probably
assembled in-situ, since they do not require large amounts of ma-
terial (e.g. Hansen and Murray 2012; Hansen and Murray 2013;
Chiang and Laughlin 2013); whereas larger Jupiter-sized planets,
that need more material to be available, are formed further out
(e.g. Lin et al. 1996; Ida and Lin 2004).

Our results that more compact systems have more similarly
sized planets, and vice versa, contrast with Lissauer et al.’s (2011)
finding that neighbouring Kepler planets had large radius ra-
tios when the period ratios were small and vice versa. However,
Lissauer et al. (2011) consider all neighbouring pairs of planets in
systems with two or more planets, while we are focussing on the
closest-furthest and smallest-largest pairs, which are not necessar-
ily neighbouring, for large systems only. In addition, only 10 of the
66 systems with four or more planets we analyse here were known
at the time. Ford (2014), on the other hand, notes an abundance of



1.5

1.0

Stellar Mass [Msyn]

0.5

Compactness < 0.15

1.5 2.0

Stellar Mass [Mgyn]
1.0

0.5

Compactness 0.15- 0.3

T T T | |
-4 2 0 2 4

log(Semi-major Axis) [AU]

M,J. Hobson, M. Gomez/New Astronomy 55 (2017) 1-12

N
= [ J °
3 o
= -
1]
3
[ee]
2 S
S
o
) ©
Q-
< | Compactness 0.3 - 0.45
o
T% “
= <9 ]
— =
7]
@ ‘
= (=]
5 S
o)
(ZE 4
@
Compactness > 0.45

log(Semi-major Axis) [AU]

Fig. 9. Planetary systems with four or more planets, grouped by compactness. Each colour represents a planetary system; these are ordered along the vertical axis in each
subplot by the mass of the host star. Each circle represents a planet; the location along the horizontal axis corresponds to the logarithm of each planet’s semi-major axis,
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Fig. 10. Size ratio versus compactness for large planetary systems. The line indi-
cates a linear fit.

tightly-packed systems of short-period sub-Neptune planets which
show similar planetary sizes. This is in agreement with our positive
correlation between high compactness and similarly sized planets.

2.2.3. Titius-Bode ‘Laws’

The Titius-Bode ‘Law’ was proposed for the Solar System as a
relation between the semi-major axes of the planetary orbits in the
form of a geometric progression:

a=cce", (3)

where a is the semi-major axis, n is the order number, and c¢; and
¢, are constants. We attempted fits for all our large systems; pre-
viously, Lovis et al. (2011) had shown that geometric progressions
are good fits to four multiplanetary systems (HD 40307, GJ 581, HD

69830 y HD 10180). To perform the fits, we used the logarithmic
form of Eq. (3):

log(a) = log(cy) +n-log(cy); (4)

This allowed us to perform a linear fit on the order number and
the logarithm of the semi-major axis. We obtained significant fits
(p—value < 0.1) for 84% of the systems; all of these have R? >
0.7, indicating good fits to the data points. In Fig. 11 we show
schematic representations of the planets and fits for the systems
with the ten lowest p-values.

We emphasize that we do not adjudicate to this ‘law’ any phys-
ical meaning, beyond a simple numerical curiosity; in particular,
we must keep in mind the possibility of undetected planets in
these systems. Bovaird and Lineweaver (2013) attempted to ex-
ploit the Titius-Bode Law as a means of predicting the locations of
undetected planets in exoplanetary systems; however, a posterior
search by Huang and Bakos (2014) found only five of 97 predicted
planets.

3. The search for debris disks

We searched for debris disks around the stars that host multi-
planetary systems, by looking for infrared excess in their spectral
energy distributions (SEDs). We used the VO Sed Analyzer (VOSA®)
of the Spanish Virtual Observatory to obtain spectral energy distri-
butions for the 575 multiplanetary systems considered and adjust
black-body models. This tool allows the extraction of information
from 29 catalogues in wavelengths ranging from the infrared to

6 Bayo et al. (2008), at http://svo2.cab.inta-csic.es/theory/vosa4/.
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Fig. 11. Schematic representation of the planets (dots) and the Titius-Bode type fits
to their positions (lines) for the systems with the ten lowest p-values.

the ultraviolet. In the infrared region, it obtains data from WISE’,
IRAS®, and 2MASS?, among others.

To apply extinction corrections to the catalogued magnitudes,
we used the Everett et al. (2012)!° determinations for the Kepler
planets. For the rest, we derived intrinsic (B —V); colours accord-
ing to their spectral types, adopting the calibration of Kenyon and
Hartmann (1995), and calculated the extinction using an average
interstellar extinction law: % = 3.1, with Ay the extinction and
E(B—V)= (B-V)g— (B-V); (Savage and Mathis, 1979).

Once obtained, each SED was examined for IR excess. Excess
emission corresponding to potential dust disks was defined as
an emission of at least 3 times that predicted by the black-body
model at one filter, plus at least 1.5 times the expected flux in one
or more additional filters. A visual inspection of all the curves was
also performed, to verify that the model curve accurately repre-
sented the observed fluxes, and the black-body temperature was
checked against the stellar temperature reported in The Extrasolar
Planets Encyclopaedia.

In Figs. 12 and 13 we show, as examples, two of the obtained
SEDs; the first corresponds to HD 204313, which does not show IR
excess, and the second to Kepler-186, which shows excess in the
W3 (12 pm) and W4 (22 pm) WISE bands.

Unfortunately, our excess emissions come from the WISE and
IRAS surveys. However, the IRAS pixel size is so large that we can-
not guarantee the IR source is effectively the star. The WISE survey,
meanwhile, has recently been shown to be highly contaminated by
background emission (see Kennedy and Wyatt 2012, Merin et al.
2014). Searches for debris disks in Kepler candidates using the
WISE data were carried out by Lawler and Gladman (2012) and
Ribas et al. (2012), but a posterior examination of Ribas et al.’s
(2012) candidates by Merin et al. (2014) using the PACS instrument
of the Herschel Space Observatory was unable to detect disks in
the far IR. We cannot therefore guarantee the existence of these
disks; more stringent observations would be necessary. Neverthe-

7 Wide-field Infrared Survey Explorer, http://wise.ssl.berkeley.edu/.

8 Infrared Astronomical Satellite, http://irsa.ipac.caltech.edu/IRASdocs/iras.html.
9 Two Micron All Sky Survey, http://www.ipac.caltech.edu/2mass/.

10 Obtained from http://archive.stsci.edu/kepler/kepler_fov/search.php.
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Fig. 12. SED for HD 204313, obtained with VOSA. The red points indicate the ob-
servations to which a black-body model (blue curve, corresponding to T = 4700K)
was fitted. The SED does not show IR excess. (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. 13. SED for Kepler-186, obtained with VOSA. The red points indicate the obser-
vations to which a black-body model (blue curve, corresponding to T = 3800K) was
fitted; the black points, IR excess in the W3 (12 ym) and W4 (22 pm) WISE bands.
(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. 14. Multiplanetary systems grouped according to the presence or absence of IR
excess in their SEDs.

less, given the importance of the planet-disk correlation, the iden-
tification of candidate debris disks remains an important endeav-
our.

Fig. 14 shows the number of systems with potential disks (92
systems), with IR excess in a single filter (339 systems, which could
also have disks under a less restrictive selection criteria), without
excess (97 systems), and without data in VOSA (47 systems). 88 of
the 92 systems with potential disks are listed in Table 3; the other
four (55 Cnc, GI 785, HD 99492, and Ups And) have already been
discarded as debris disk hosts both by Maldonado et al. (2015) us-
ing the IRAS, ISO, and Spitzer telescopes, and by Moro-Martin et al.
(2015) using Herschel surveys.

The 88 remaining stars represent an interesting group of
candidates for disk hunts using Herschel. Four of them (indi-
cated in Table 3) have recently been confirmed as disk hosts by
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Table 3
Stars with potential debris disks.

Star Maximum excess Star Maximum excess Star Maximum excess
GJ 682 12 pm (IRAS) Kepler-224 W4 (WISE) Kepler-30 W4 (WISE)
GJ 832 60 pm (IRAS) Kepler-227 W4 (WISE) Kepler-302 W3 (WISE)
HAT-P-46 60 pm (IRAS) Kepler-228 W4 (WISE) Kepler-308 W4 (WISE)
HD 128311¢ 60 pm (IRAS) Kepler-229 W4 (WISE) Kepler-315 W4 (WISE)
HD 134606 60 pm (IRAS) Kepler-234 W4 (WISE) Kepler-317 W3 (WISE)
HD 141399 100 pm (IRAS) Kepler-238 W4 (WISE) Kepler-328 W4 (WISE)
HD 200964 60 pm (IRAS) Kepler-24 W3 (WISE) Kepler-344 W4 (WISE)
HD 403079 60 pm (IRAS) Kepler-241 W3 (WISE) Kepler-349 W3 (WISE)
HD 47366 100 pm (IRAS) Kepler-245 W3 (WISE) Kepler-351 W4 (WISE)
HD 52265¢ 100 pm (IRAS) Kepler-246 W3 (WISE) Kepler-355 W4 (WISE)
HD 60532 100 pm (IRAS) Kepler-250 W4 (WISE) Kepler-357 W4 (WISE)
HD 7924> 100 pm (IRAS) Kepler-254 W4 (WISE) Kepler-359 W4 (WISE)
HD 96700 60 pm (IRAS) Kepler-256 W3 (WISE) Kepler-370 W4 (WISE)
HIP 67851 60 pm (IRAS) Kepler-257 W4 (WISE) Kepler-371 W3 (WISE)
HR 228 60 pm (IRAS) Kepler-259 W4 (WISE) Kepler-372 W4 (WISE)
HR 8799 100 pm (IRAS) Kepler-265 W4 (WISE) Kepler-375 W4 (WISE)
K2-19 W3? (WISE) Kepler-266 W3 (WISE) Kepler-385 W4 (WISE)
KELT-6 W1P (WISE) Kepler-269 W4 (WISE) Kepler-392 W3 (WISE)
Kepler-1065 W4S (WISE) Kepler-27 W4 (WISE) Kepler-395 W3 (WISE)
Kepler-1129 W4 (WISE) Kepler-273 W4 (WISE) Kepler-397 W4 (WISE)
Kepler-1245 W4 (WISE) Kepler-275 W4 (WISE) Kepler-405 W4 (WISE)
Kepler-1321 W4 (WISE) Kepler-276 W4 (WISE) Kepler-436 W3 (WISE)
Kepler-1388 W4 (WISE) Kepler-281 W4 (WISE) Kepler-445 W3 (WISE)
Kepler-170 W3 (WISE) Kepler-284 W4 (WISE) Kepler-487 W4 (WISE)
Kepler-175 W4 (WISE) Kepler-286 W4 (WISE) Kepler-53 W4 (WISE)
Kepler-186 W3 (WISE) Kepler-291 W4 (WISE) Kepler-758 W4 (WISE)
Kepler-187 W3 (WISE) Kepler-292 W4 (WISE) Kepler-84 W4 (WISE)
Kepler-201 W3 (WISE) Kepler-294 W4 (WISE) Kepler-920 W4 (WISE)
Kepler-203 W3 (WISE) Kepler-299 W4 (WISE) NY Vir W4 (WISE)
Kepler-215 W3 (WISE)
2 Central wavelength of the W3 filter: 12 pm.
b Central wavelength of the W1 filter: 3.4 um.
¢ Central wavelength of the W4 filter: 22 pm.
d Disk detected by Maldonado et al. (2015).
¢ No disk detected by Moro-Martin et al. (2015).

Maldonado et al. (2015), though in one case - HD 40307 - Moro- Acknowledgements

Martin et al. (2015) do not find a debris disk. However, the vast
majority have not yet been examined.

4. Conclusions

In this article, we have described multiplanetary systems and
the stars that host them. The stellar temperatures correspond to
stars of spectral types M to F. The stars tend to have subsolar
metallicities, in contrast to Hot Jupiter hosts, that tend to be metal-
rich; while non-Hot Jupiter single planet hosts form an intermedi-
ate group between these two, with approximately solar metallic-
ties.

Focussing on systems with four or more planets, we find a rela-
tionship between the compactness of the system and the size vari-
ations of the planets: more compact systems tend to have less size
variation and vice versa. The vast majority of planetary pairs in
these systems are stable according to criteria based on the separa-
tion in Hill radii, and Titius-Bode type ‘laws’ are generally good fits
to the planetary positions.

Finally, we searched for debris disks in these systems via IR ex-
cess. We found potential excesses in 92 systems, but recent studies
suggest the surveys from which these excesses were drawn may
be contaminated by background sources. Therefore, these are only
tentative detections; taking into account recent works in the liter-
ature, we propose 88 of these systems as candidate disks, four of
which have recently been confirmed by Maldonado et al. (2015).

Unfortunately, it is not possible to discard the presence of ob-
servational bias in our analysed sample, as all detection techniques
have limitations. These results should, therefore, be considered as
emerging tendencies that may be confirmed or refuted as improve-
ments in detection techniques allow.
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gentina) through grant PIP CONICET No. 11220120100497. This
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through grant AyA2011-24052. We thank the anonymous reviewer,
whose constructive comments helped to improve the manuscript.
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