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The sub-Jupiter/Neptune desert of exoplanets: parameter dependent
boundaries and implications on planet formation
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ABSTRACT

The period—mass and period—radius distributions of exoplanets are known to exhibit a desert.
Unlike the existence of very hot (Pyp < 3d) super-Earths and hot Jupiters, no planets are
known between super-Earths and sub-Jupiters with orbital periods as short as a day or two. In
this letter, we show that the period boundary of this desert is dependent on stellar parameters
(Ter, [M/H], log g in order of significance), there is conclusive dependence on the incident
stellar irradiation, and dependence on the stellar mass acting only on planets around T <
5600 K host stars. We found a significant lack of very inflated planets on the closest orbits to
the host star. There is no significant dependence on tidal forces currently acting on the planet,
the planet’s surface gravity, or current filling factor of the Roche lobe. These distributions are
most compatible with the dominant role of photoevaporation in forming the desert.
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1 INTRODUCTION

We reported a lack of intermediate-mass planets (0.02M; < M,
< 0.8Mj) at short periods (approximately P < 3 d) in Szabdé &
Kiss (2011), which was initially called the ‘sub-Jupiter desert’,
since it censored out mostly sub-Jupiters and Neptunes. The term
‘Neptune desert’ was also used by Mazeh, Holczer & Faigler (2016),
who confirmed the presence of this desert, and also gave analytic
formulae for its boundaries.

In the past, it has been argued whether the desert is completely
empty or has a low population of planets. The desert was known
to host a low number of planet candidates, but if the sample
is restricted to dynamically confirmed planets only, the desert
remained completely empty (Morton et al. 2016, Owen & Lai 2018).
However, Kepler planets in the desert have been identified by the
California-Kepler survey (Fulton & Petigura 2018), and NGTS-4b
was also found to be in the desert (West et al. 2018). By all means,
the evidence suggests that the presence of planets in the desert was
very much reduced by some scenario at some point of evolution.
Either the formation of planets in the desert is prohibited, or they
start forming, but rapidly migrate outwards or into the star to clear
out the desert, or the planets in the desert are rapidly built up to
form a hot Jupiter, or by evaporation run down to a super-Earth.

Several possible scenarios have been invoked to explain the origin
of this desert; see e.g. Owen & Lai (2018) for a comparative sum-
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mary. A group of explanations point towards the effective action of
photoevaporation on sub-Jupiters and super-Earths in the presence
of high incident fluxes (Lundkvist et al. 2016), resulting in runaway
mass-loss of planets with small cores (Kurokawa and Nakamoto
2014). Lopez & Fortney (2013) predicted an underpopulated sub-
Neptune region due to varying internal composition of the planets
of different classes. This points towards the parameter-dependent
position of the boundaries of the desert. Indeed, an overpopulation
of planets around higher metallicity stars has been found at the
lower boundary of the desert (Dong et al. 2018; Petigura et al.
2018), which could imply metallicity-dependent photoevaporation
(Owen & Murray-Clay 2018). Based on the positions of WASP-
151b, WASP-153b, WASP-156b at the upper boundaries of the
desert, Demangeon et al. (2018) suggested that ultraviolet irradia-
tion plays an important role in this depletion of planets observed
in the exoplanet population. However, lonov, Pavlyuchenkov &
Shematovich (2018) concluded that the desert of short-period
Neptunes could not be entirely explained by evaporation of planet
atmosphere caused by radiation from a host star.

Also, migration scenarios have been considered to explain the
desert. In the high-eccentricity migration scenarios, the hot sub-
Jupiter orbits outside the desert initially, when its eccentricity
is suddenly excited by a scattering event, such as an encounter
with another planet, or a stellar encounter to the system. Then the
orbit undergoes a circularization, and will be relaxed closer to the
boundary of the desert.

Owen & Lai (2018) give a detailed explanation for the position
of the desert, accounting for tidal boundaries, high-eccentricity
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evolution with tidal decay, and stellar irradiation. They succeeded in
reproducing the position and the shape of the desert, and predicted
that the boundaries of the desert depend on the core mass of the
planet: planets with larger core masses can go deeper into the desert
at the period boundary. They predicted a metallicity-dependent
border: planets with more metallicity can appear at shorter periods.

The third family of explanations is based on processes in the
evaporating inner disc boundary. Armitage (2007) predicted that
due to tidal interactions between the inner edge of the gap and the
planet, the planet will be trapped for a while, and will be driven out
as the inner edge is moving outwards. In a later work, Alexander &
Armitage (2009) showed that in this process, hot Neptunes can
evolve into hot Jupiters, which can later evolve to closer orbits
to the star, leading to the clump of very hot Jupiters at the upper
boundary of the desert. The predicted morphology is very similar
to what we see in the distribution of exoplanets.

In this paper, we demonstrate that the boundary of the desert
significantly depends on a few fundamental parameters of the host
star and the planet.

2 METHODS

We explored planet occurrence near the boundaries of the desert, as
a function of various system parameters. We used the database of
confirmed exoplanets.! We filtered the table for those planets where
the period, planet radius, planet mass, and the effective temperature
of the host star were known, resulting in 607 planets. In this sample,
550 planets had [M/H] metallicity measurement, and 406 were
completed with stellar mass M, and semi-major axis a, which are
factors in the dynamical parameters. For each investigation, we used
the largest complete subset of confirmed exoplanets.

We were looking for boundary effects in a test region in which
the desert and its boundary are well covered. The desert reaches
the deepest extension into the period regime in the size range
0.28 to 0.63 Jupiter radii (Fig. 1). By simply following the visual
impression, we defined our main test region in the size range 0.28—
0.63 Ry, marked A in Fig. 1. We also defined a control region just
below the the desert: the sample of Earths between 0.06 and 0.16
Ry (marked B in Fig. 1).

At the boundaries of the desert, we examined many scatterplots
showing the period-radius plane, with symbol colours coding the
third parameter which we tested to influence the planet occurrence
at the boundary of the desert. We involved the stellar effective
temperature 7., stellar log g, stellar mass M, the stellar metallicity
[M/H], the equilibrium temperature of the planet 7, the mean
density of the planet relative to that of Jupiter p,/p;, the filling
factor of the Roche lobe, and the factor scaling current tidal forces
on the planet M, /ag. The shapes of the distributions tell us how an
increased stellar temperature affects the extension of the desert.

We split the sample at roughly the median of the examined
parameters, and compared the period distribution of planets with
low/high values. To be quantitative, we made use of a Kolmogorov—
Smirnov test (K-S test; see e.g. Feigelson & Babu, 2012), which
tells us whether two samples are derived from different distributions.
We selected a system parameter, e.g. temperature, and if we found
that the period distribution of planets in the A sample was different
around hot and colder stars, then this was evidence for temperature
dependence. If the detected dependence was not significant in the
B region, it was evidence for its specificity at the desert boundary.

Thttps://exoplanetarchive.ipac.caltech.edu, downloaded on 20 July 2018.
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3 RESULTS

3.1 The dependence on stellar temperature

The boundary of the desert most significantly depends on 7. stellar
temperature (Fig. 1 left-hand column), and the K-S test value is
p = 0.0002. In all figure panels, we give the median values of
the distribution, which are roughly 9 and 21 d for the subsets of
colder and warmer host stars. In addition, more than 60 per cent
of planets around T < 5600 K stars have periods shorter than
10 d, but only 10 per cent of planets around 7o > 5600 K stars.
The effect is located on the boundary of the desert only; there is
no difference in the period distribution of the small planets around
the warmer/colder host stars in control region B (p = 0.6, bottom
panel).

Since shorter-period planets are reasonably easier to discover, we
see no other explanation for the lack of planets in the <10-d-period
range than that the stellar effective temperature affects the boundary
period of the sub-Jupiter desert.

3.2 The metallicity dependence

The second significant dependence of the period boundary of the
sub-Jupiter desert is the stellar [M/H] metallicity. We distinguished
between the high-metallicity and low-metallicity groups, separating
them at the median metallicity [M/H] = 0.05 in the A region of
exoplanets. Of the planets in the high-metallicity group, 75 per cent
have orbital periods less than 10-11 d, which is true for only less
than 20 per cent of the low-metallicity planets. Again, no correlation
like this has been observed in the B region of small planets (p = 0.3),
proving the selectivity of metallicity in forming the desert (Fig. 1,
middle column).

This correlation has been also found by Dong et al. (2018) and Pe-
tigura et al. (2018), and is compatible with the predictions account-
ing for metallicity-dependent planet photoevaporation (Owen &
Lai 2018). Here we also prove that the period distribution of small
planets does not follow a metallicity dependence. Metallicity is
selective only for the period boundary of the sub-Jupiter desert, not
for smaller planets, and hence it is a diagnostic of the process that
forms the desert.

3.3 The log g dependence

There also exists a dependence of the period boundary on the stellar
log g, allowing planets around stars with higher log g to go deeper
into the desert. The most significant difference is around the 10-
d orbital period: 10 percent versus 60 percent of planets around
low/high log g stars have shorter periods than 10 d (Fig. 1, right-
hand column).

However, the combined parameter dependence is somewhat
degenerated: we saw that the planets which can go deeper into the
desert (i.e. the minimum orbital period boundary is lower) should
have a low-temperature host star with higher values of log g. But
on the main sequence, stars with lower effective temperature have
naturally higher log g (e.g. Gazzano et al. 2013), so the parameter
dependences on T.i and on log g can explain each other. Whether
the log g dependence of the period boundary is a consequence of
its temperature dependence, or is also connected to dynamical pro-
cesses which enhance the naturally existing correlations, remains
hidden in the data.

MNRASL 485, L116-L120 (2019)

0202 49qWIaAON 0 U0 1saNB Aq 016.25S/91 L 1/1/S8Y/2I01ME/|SeIu/W0d dno-olwapede//:sdyy wouj papeojumoq


https://exoplanetarchive.ipac.caltech.edu

L118  Gy. M. Szabo and Sz. Kdlmdn

log Tl K]

log g [cm/sz]

02 -0.1 01 02 03 40 42 44 46 48
T T T T - T T
4 04 k 4
° 1 0.0 r ° 1
.
oL
j=9
1 &£-04f |
A on A
=
1 08 f ]
B a2 bt B |
.
1 1 1 1 h 1 1
0.0 2.0 3.0 -1.0 0.0 1.0 2.0 3.0
log P[d] log P[d]
1 s 1 o 1 s
log g <4.35
A A Pregin=17.3
o b log Te>3.75 e [M/H]>0.05 o b log g > 4.35
Pregian=21.9 Predian=9-8 Predian=9-8
p=0.0002 p=0.002 p=0.01
< < <
P — 1 | = | S |
s e e
log Te<3.75 [M/H]<0.05 log g <4.35
B PHN,‘H,*‘S 7 B Procgian=5.0 Prncaian=4.7
o b log To>3.75 o b [M/H]>0.05 b log g > 4.35
Prnegian=7-1 Predian=4.6 Predian=4.6
p=0.6 p=0.3 p=0.8
=) < ) < ,
P 1 1 I 1 S = 1 I 1 S I 1
-1 0 1 2 3 -1 0 2 3 -1 0 1 2 3
log P[d] log P[d] log P[d]

Figure 1. Significant parameter dependences of the boundaries of the sub-Jupiter desert: stellar T temperature (left-hand column), [M/H] metallicity (middle
column), and log g (right-hand column). Top rows: The exoplanets in the period-radius plane, coloured by the parameter values. The two regions denoted A
and B are also shown. Middle rows: The cumulative distributions of the orbital period in the A region, comparing subsamples distinguished by high and low
values of the examined parameter. The p value of the K-S statistics is also given in the plot. Bottom rows: The same as the middle row, but for the B region.

3.4 The mass of the host star

The dependence of the period boundary on stellar mass shows a
p value of 0.11, bringing up the idea that planets around more
massive stars could represent shorter minimum periods, and they
could go deeper into the desert. This finding would seem to be in
contradiction with the result concerning 7.s, which gives preference
to host stars with lower temperature, which have smaller stellar
mass. To break this antagonism, the anonymous referee suggested
trying to separate the stellar-mass effect from the temperature
dependence.

Fig. 3 shows what is seen when we split the sample at the
median T, =~ 5600 K. In the case of colder stars, the stellar mass
is recognized to be selective with an increased significance (p =
0.07), but for stars hotter than 5600 K, the dependence completely
vanishes. Thus we conclude that the stellar mass has an influence
on the desert boundary only in the case of host stars with T <
5600 K.

3.5 The dependence on planet parameters

We found no conclusive dependence of the period boundary on most
planet parameters, and parameters that describe the interactions of
the planet and the star on the current orbit. We involved the size of
the Roche lobe, and the actual tidal forces on the surface of the star
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(characterized by Ms*rp/a3), and the method that proved the effect of
stellar parameters gave negative results in all cases. Here we show
the example of planet surface gravity (scaled by that of Jupiter,
log gp/gy) in Fig. 2, middle column. The K-S test gave insignificant
results here. What we see is a complex pattern, showing a group of
log gp/g; > 0 planets at around the lower characteristic period of
the desert, but well outside it, orbiting mostly with >10-d periods.
Most of the boundary of the desert, the A region, is characterized by
an overpopulation of planets with g, < gy (reddish points), which
is also characteristic of inflated hot Jupiters (near the top of the
hot Jupiter clump). This complex pattern should be the result of
different processes during planet formation, including the runaway
gas accretion above 13—15 Earth masses, and photoevaporation of
planets very close to the star. Indeed, the most inflated planets (red
dots) are far from the boundaries of the desert, although they are the
hottest planets, suggesting that they all have a somewhat destroyed
atmosphere.

In Fig. 2, right-hand column, the map of the planet surface
temperature is shown at the boundaries of the desert. Due to
the Lambert law, there is a natural strong dependence between
the orbital period and the equilibrium temperature, which makes
it difficult to detect possible selection effects above the natural
correlations. (Therefore, a p value does not help here.) However,
comparing the histograms in regions A and B, we see that the
distribution of colder (7 < 1000 K) planets is very similar near
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Figure 2. Selected examples for inconclusive parameter dependences of the boundaries of the sub-Jupiter desert: stellar M, mass (left-hand column),
log gp—log gy relative gravity at the top of the planetary atmosphere, Tp black-body equivalent temperature of the planet.
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Figure 3. The dependence of the desert boundary on stellar mass in region
A. The sample beyond Fig. 2, left-hand column, middle panel is also split
by effective temperature: the distributions around colder and hotter stars are
shown in the upper and lower panels, respectively.
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Figure 4. Period distribution of three disjoint subsets of the exoplanet, in
the lower quartile (black), upper quartile (red), and interquartile (blue) range
of planet density.

the exoplanet boundary and below the desert: the median period is
only a little more at the boundary, and the slopes of the distributions
are rather similar. However, the distribution of hot planets (T <
1000 K) is strongly truncated by the desert, and the slope is very
steep at the boundary. This suggests that the irradiation suffered by
the planet is a dominant factor in shaping the sub-Jupiter desert.
We also plotted the distribution of average densities of exoplanets.
The map (not shown here) is visually noisy and is roughly similar to
the map of surface gravity. An interesting feature of this distribution
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is the lack of inflated planets at the boundary of the desert, which
again may be a diagnostic for photoevaporation.

To get to a firm conclusion, we compare the period distributions
of planets in subsets with different p,, planet density. In Fig. 4,
the red, blue, and black curves represent the planet clusters in the
upper quartile, interquartile, and lower quartile ranges of p,. We
find moderately inflated planets orbiting closer to the star (the blue
curve is closer than the red curve). The surprising feature is that
on closest orbit to the star, we do not see any of the most inflated
planets; in fact, the most inflated planets are distributed farther from
the star (black curve) than the moderately inflated ones (blue curve).
The K-S test gives a p = 0.12 value for the differing distributions
beyond the blue and black curves, and a Cramer—von Mises test
(most sensitive to local differences; Feigelson & Babu 2012) gives
a very significant value of p = 0.02.

4 CONCLUSIONS

Here we have shown that the boundary of the sub-Jupiter desert
depends on the fundamental stellar parameters, including the tem-
perature, metallicity, log g, and probably the stellar mass, in order of
decreasing significance. We suggest that several dependences of the
desert (M/H metallicity, T, log g, M, stellar mass) are related to
the predominance of photoevaporation processes. The explanation
of how the desert boundary depends on T¢ (as a source of incident
flux and also incident ultraviolet irradiation) is straightforward in
this context.

Also, the metallicity effect can be explained by photoevaporation.
It is known that stars with higher metallicity tend to host more
massive debris discs (Gdspdr, Rieke & Ballering 2016). It is
plausible to assume that the total mass of planetesimals was more
in high-metallicity discs, and the core of planets in high-metallicity
systems is also more massive. Planets with more massive cores are
more resistant to photoevaporation; they can be found deeper in the
desert (Owen & Lai 2018).

The observed pattern of planet densities is also explained if
photoevaporation is the dominant factor in forming the desert. We
see a lack of the most inflated planets on the closest orbits, probably
because the most inflated planets on very close orbits have been
evaporated by now. If planets under a critical density lose a part of
the atmosphere, the density will increase, which can stabilize the
planet again, and maybe this is what we see in Fig. 4.
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According to this conclusion, the non-dependence of the period
boundary on tidal forces and surface log g, of the planet gives
observational support for a lower effect of tidal or dynamical
interactions in forming the sub-Jupiter desert. The odd distributions
of planets with low and high surface temperature also support the
increased role of photoevaporation to tidal interactions.
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