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Abstract Among exoplanets, the small-size population constitutes the dom-
inant one, with a diversity of properties and compositions ranging from rocky
to gas dominated envelope. While a large fraction of them have masses and
radii similar to or smaller than Neptune, yet none share common properties
in term of orbital period and insulation with our ice giants. These exoplanets
belong to multi-planet systems where planets are closely packed within the
first tenth of AU and often exposed to strong irradiation from their host star.
Their formation process, subsequent evolution, and fate are still debated and
trigger new developments of planet formation models. This paper reviews the
characteristics and properties of this extended sample of planets with radii
between ~ 1.6 and 4.0 Rg. Even though we still lack real Neptune/Uranus
analogues, these exoplanets provide us with key observational constraints that
allow the formation of our ice giants to be placed in a more general framework
than the sole example of our solar system.
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1 Introduction

The absence of detailed observational constraints, in terms of composition and
atmospheric processes, on our ice giants does not allow us to fully understand
their role in the evolution and final orbital architecture of the Solar System. On
the other hand, exoplanets, which are now routinely detected, provide us with
an enlarged sample of planets to better understand the planetary formation
process.

In this paper, we review our current knowledge of exoplanets that could
be seen as Neptune-class planets, their similarities and dissemblance with our
ice giants, and the observational constraints they bring to current formation
models. We emphasize that this class of planets does not correspond to a
properly defined planet family, but because we aim at placing our ice giants
in a more general context, we focus this review on exoplanets whose radius or
mass are in the same range of values as those of our giants.

Among the few thousands of exoplanets discovered to date, nearly three
quarters have indeed broad characteristics comparable to those of Uranus and
Neptune, i.e. radii in the range ~ 1.6 to 4.0 Rg or masses between 10 and 20
Mg,. However, similarities are in fact still limited to their size and their mass
as none of them are as far from their host star nor receives similar insolation
(Sect. . In addition, the large majority belongs to packed multi-planet sys-
tems where gravitational interactions are expected to have directly affected
their orbital configuration (Sect. [3). The diversity of these small-size planets
populations, so different from those of our own solar system, challenges models
of planet formation and evolution (Sect. . The location where they formed in
the protoplanetary disk is still a matter of debate (Sect. @ Some models even
predict their building blocks might be ice-rich embryos that formed from past
the snow line of their host stars (Morbidelli et al.|2012; Raymond et al.|[2014;
Izidoro et al.[2017) but their composition remains observationally difficult to
determine (Sect. . This strengthens the need for an in-depth exploration of
Uranus and Neptune, to be used as references for the exoplanet populations.
While our knowledge of these systems may be incomplete, they represent a
good laboratory to examine the problems of planetary formation in a broader
context (Sect. [7).

2 Exoplanets: general overview

After more than two decades of intensive hunting, the exoplanets census amounts
to >4 000 objects, with still a few additional thousands of planet candidates
awaiting confirmation. These planets, which have been detected through a va-
riety of techniques, span a large range of mass and semi-major axis parameter
space (Fig. . This effort has revealed planet populations with a diversity
in their properties that was not expected. This surprising demography with
packed planetary systems of small size planets or very massive close-in giants
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challenges planetary formation models, questions how our own Solar System
fits into a much broader context and how typical it is.
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Fig. 1 Exoplanets with known or estimated mass as of January 2020, shown by colored cir-
cles according to their detection method: transit (blue), radial velocity (pink), microlensing
(yellow) and direct imaging (green). The solar system planets are denoted by a star and the
two first letters of their name. Data were downloaded from exoplanet.eu.

Despite our massive progress, exploring the exoplanet population beyond
the ice line remains challenging. If more than two thirds of the known exoplan-
ets are transiting, for orbital periods typically longer than ~ 400 days, transit
surveys lack the required temporal coverage. For such long orbital periods,
the planets identification relies on the detection and analysis of mono-transits.
Moreover, the geometric transit probability of these long period objects is ex-
tremely low, making the observation of their transit a very low probability
event. The sole validated transiting Jupiter analog so far remains Kepler-167e
(Kipping et al.|2016). With a radius of 0.91 & 0.02 Rjyp, it orbits its K4-dwarf
host with an orbital period of 1071.2323 4+ 0.0006 d and receives a stellar iso-
lation close to Jupiter’s. While this Jupiter analog is well beyond the snowline
of its host star, we lack an estimate of its mass which is needed to understand
its composition.

Radial velocity surveys have gathered observations over some two decades.
While in principal this may seem sufficient to identify the Doppler signatures
of ice giants, the velocity amplitudes of these relatively long period planets
often require more than a hundred measurements over a 10-15 year time span
to cover a complete planetary orbital phase or at least to safely identify a
long-term trend in radial velocity measurements.
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Nonetheless, the population of gas giant planets with masses, orbits, and
eccentricities similar to those of Jupiter’s now amounts to a few tens of planets
(Boisse et al.|2012; |Wittenmyer et al.[2014; Rowan et al.|2016)), allowing rough
estimates of the population properties and occurrence rates. Current estimates
of the frequency of Jupiter analogs range from 6.2ij:2% (Wittenmyer et al.
2016) down to ~ 3% (Rowan et al.[2016)) - a range that may reflect inadequacies
in our definition of analogs amongst other possibilities.

Estimates of the planetary occurrence rates remain indeed approximate due
to uncertainties on the underlying stellar populations, unknowns such as the
intrinsic planetary systems architecture, biases in the surveys completeness,
and various sources of systematic errors that directly affect the results. Other
issues that affect these estimates include the possible influence of outer planets
on the formation and evolution of interior planets. This has been investigated
either through theoretical modeling (Childs et al.|[2019) or observational un-
certainty e.g. the search for long term trends in systems hosting at least one
super-Earth planet (Bryan et al|[2019; |Zhu et al.|2018]). Although there is
some disagreement over the derived estimates which range from 39 + 7% to ~
90%, they consistently suggest a high occurrence rate of long-period gas giants
in systems with super-Earths.

Beyond Saturn, the mass and semi-major axis parameter space of ice
analogs largely exceeds the radial velocity surveys sensitivity and others tech-
niques are more appropriate. Microlensing surveys have reported a few cold
planets with masses comparable to that of the solar system ice giants (Poleski
et al.||2014, 2018). While they have the required sensitivity to probe this mass
- period domain, the non-repetitiveness of the event, the degeneracies of both
the lens and the source, but mostly the faintness of the host star, make the
techniques more suited for statistical inferences of cold planets occurrence
(Penny et al.[2019) but not any further detailed characterization.

For nearby stars, the direct imaging and astrometric techniques are well
suited to produce data on long period planets. In the case of imaging we
are limited to the most luminous, i.e. youngest, planets. Astrometric results
can also be used alongside radial velocity data and can be most powerful
for those bright radial velocity targets that have been monitored for decades.
Combining these methods therefore has the potential to explore the domain of
intermediate semi-major axes (Boehle et al.|2019; [Kane et al.[2019), especially
in the GATA era.

3 Orbital period ratios in compact multi-planetary systems

Over the last decade, the Kepler/K2 missions have dramatically increased the
number of small planets known, i.e. with physical radius < 4Rg, and these
planets now dominate the planet population overall (Fig. . The large number
and diversity of planets similar to and smaller than Neptune was not a robust
prediction of planet formation theories before these missions, partly due to the
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Fig. 2 Physical radius and orbital period of the planets detected by transit with the Kepler
space telescope (2404 planets whose status is confirmed, including those of the K2 campaign).
Planets that are part of multi-planetary systems are shown in red, single planets are in
blue. 1o error bars are overplotted. The right part of the figure compares the distribution
of physical radii of the Kepler planets with that of all planets with known radius (gray
histogram, 3083 planets). Data were downloaded from exoplanet.eu.

uncertain rate of orbital migration for this class of planets at the time (see,
e.g., the review by .

Their physical and dynamical properties are indeed at odds with planets of
similar size in our Solar system. This is illustrated for instance in Fig. [3} which
shows the radius versus the mass of the exoplanets in the range between 0.8
and 50 Mg, as well as the density (upper panel) and stellar irradiation (lower
panel), and how they compare to Venus, Earth, Uranus, and Neptune.

About half of these transiting planets belong to flat and compact multi-
planet systems, with up to 8 planets (Lissauer et al.|2011} [Fabrycky et al.[2014}
[Santerne et al|[2019). Note that in such packed systems, gravitational pertur-
bations are important and may induce, for consecutive transits, a significant
and measurable deviation from strictly periodic transit times. These transit
time variations (TTV) can provide another way to estimate planetary masses
through dynamical modeling (Barros et al.|[2015}; Jontof-Hutter et al.[[2015).
However, uncertainties on the real number of planets in the system, the good
phase coverage and long baseline needed, and the complexity of the modeling
prevent precise estimates of planetary mass (e.g., [Weiss et al|2013)) so that,
in the best case, they remain affected by large uncertainties.

The architecture of multi-planetary systems may help constrain planet for-
mation and evolution scenarios. In this regard, an interesting quantity is the
orbital period ratio for pairs of adjacent planets in compact multi-planet sys-
tems (see, e.g., [Steffen and Hwang|2015)). Its distribution is displayed in Fig. [4]
for the confirmed planets detected by Kepler and K2 (in blue) and for the
planets detected by radial velocity (in black). Both distributions show a large
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Fig. 3 Mass - radius diagram for exoplanets with masses in the 0.8-50 Mg range. The
marks’ color scales with planets density (up) and with stellar irradiation normalized to the
Solar one (bottom) following the colorbar on the right-hand side. Data were downloaded
from exoplanet.eu.

and surprising diversity, with the overall trend that adjacent planet pairs near
mean-motion resonances tend to have period ratios slightly greater than res-
onant values. This is particularly clear near the 3:2 and the 2:1 mean-motion
resonances, even for radial velocity planets, despite a smaller statistics.

The diversity of orbital period ratios among the close planet pairs detected
by Kepler/K2 has stimulated many theoretical works. In particular, it is often
thought that two planets undergoing convergent migration in their protoplan-
etary disk should necessarily end up in mean-motion resonance. Turbulence in
the inner parts of protoplanetary disks could actually explain why many pairs
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of low-mass planets are either near- or non-resonant (e.g., Pierens et al.||2011}
[Paardekooper et al|[2013). Also, interactions between planets and the wakes
of their companions in the disk could explain why many pairs of planets in
the super-Earth to Neptune size range have period ratios slightly greater than
resonant (Baruteau and Papaloizou [2013). This feature could alternatively
arise from star-planet tidal interactions for the closest-in planet pairs (see,
e.g., Papaloizou/[2011)). Other studies have gone a different route and exam-
ined the possibility that super-Earths and warm-Neptunes could have formed
mainly by in-situ growth after the dissipation of the inner protoplanetary disk
(Hansen and Murray|2013; [Ogihara et al.|2015).

a0 B2 3 b 2020-03
Kepler/K2 planets
35 RV planets
30 r
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1.5 2.0 25 3.0
Orbital period radio

Fig. 4 Distribution of the orbital period ratio for pairs of adjacent planets among the
multi-planetary systems detected by Kepler and K2 (in blue) and by radial velocity (in
black). Bins are 1/24 wide. Vertical dashed lines show the location of a few mean-motion
resonances. Data were dowloaded from exoplanet.eu.

4 Distribution of physical radii and dependence on stellar
metallicity

The mean density can be used to probe the composition of planets but, to
be meaningful, it requires accurate estimates of planetary radii and masses.
With current instruments these observations remain a challenging task and,
consequently, only a handful of small planets with well-measured masses, to a
precision better than 20% (e.g. Motalebi et al.|2015; |Armstrong et al.|[2020) are
known. This arises because the host stars of the first generation of transiting
surveys are generally faint and the amplitude of the expected radial velocity
signal of small size planets is low (< 1 m/s), that is well below the photon
noise in the high magnitudes regime. Hence, we are often left with just an
upper limit on the planetary mass.




8 M. Deleuil, D. Pollacco, C. Baruteau, H. Rauer & M. Blanc

Planetary radii measurements can be determined with greater accuracy
than planetary masses provided the host star parameters are accurately known.
For periods shorter than 100 days, the radii distribution displays a bimodal
shape (see Fig. 7 highlighting two planets populations with typical sizes of ~
1.3 Rg, (super-Earths) and ~ 2.4 Rg (sub-Neptunes), with a scarcity of planets
around 1.8 Rg (Owen and Wul[2013} [Fulton et al.[2017; [Fulton and Petigura)
. This was previously suspected from the analysis of mean densities of
some Kepler planets with masses estimates (Weiss and Marcy| 2014; Rogers|
2015). These studies suggested a population of rocky planets whose density
increases with increasing radius up to ~ 1.5Rg, and above, another population
of planets whose density rapidly decreases with increasing radius, compatible
with planets with large gaseous envelopes overlying a rocky core. However, as
planets in this regime have inaccurate mass estimate, it is difficult to recognise
any trends in their composition (or diversity; see Fig. .

Various processes, related to different aspects of planets formation or to
evolution mechanisms, are invoked to explain this bimodal distribution: differ-
ent compositions of solid cores, the accretion in gas-rich or gas-poor environ-
ments, or the loss of gaseous envelopes due to photo-evaporation. The photo-
evaporation scenario is supported by observational evidences (Van Eylen et al.
of a clean gap between the two populations, whose position decreases
with increasing orbital period, but also by synthetic planet populations in
the presence of irradiation (Owen and Murray-Clay|[2018} |[Jin and Mordasini
. In this case, super-Earths could be the cores of planets with an initially
relatively low mass (< 20 Mg) but with a large ice content, which eventually
become bare rocky cores due to efficient evaporation. The rocky composition
suggests that these planets have accreted mainly inside the ice line and with
migration confined to the inner parts of their protoplanetary disk. Whether
this migration covered several or only a fraction of AU from their current
locations remains to be established.

The frequency of planets and its dependency with the host star metallicity
brings some further insights into the planets formation mechanism. For radial
velocity planets, [Courcol et al| (2016) suggested that the frequency of exo-
Neptunes (between 10 and 40 Mg) is correlated with the host star metallicity,
similar to that found for giant planets. For Super-Earths (< 10 Mg) this
correlation does not hold. This has been confirmed by [Petigura et al.| (2018)),
who have shown from Kepler planets that, while warm super-Earths occurrence
is nearly constant over metallicities, the occurrence of warm sub-Neptunes
doubles over that same metallicity interval, from 20 to 40 planets per 100
stars. This increased occurrence rate of hot Neptunes around metal-rich stars
could be seen as evidence for high-eccentricity migration of the planets or
metallicity dependent photo-evaporation (Owen and Murray-Clay|[2018).

More recently, alternative hypotheses have been explored to overcome diffi-
culties in removing a giant planet’s entire H/He atmosphere, even in presence
of strong irradiation, such as a core-powered mass-loss (Ginzburg et al.2018}
|Gupta and Schlichtingf 2019} 2020), or two distinct formation pathways for
the two sub-populations (Zeng et al|[2019; Mousis et al|[2020). Subject to
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high-energy radiation from their host star, close-in exoplanets are expected to
experience atmospheric escape (Lammer et al.|[2003). Observational evidence
of gas escaping at high velocities has been reported for two hot Neptunes, GJ
436 b and GJ 3470 b (Ehrenreich et al.|[2015; Bourrier et al.|[2018) observed
through the detection of hydrogen absorption signatures in the Ly-« line of
their host star. As a result, the planets appear surrounded by an extended
upper atmosphere of neutral hydrogen. In the extreme case of GJ 436 b it ab-
sorbs more than half of its M-type star’s Ly-« emission (Bourrier et al.|[2015)
and extends over half of the planet’s orbit (Lavie et al.|2017} [dos Santos et al.
2019). The lack of a well-defined stellar continuum and the strong interstellar
medium absorption that affects the Ly-a emission profile prevent a precise
determination of the inferred mass loss. Current estimates show that photo-
evaporation might be of a few % only (dos Santos et al.|2020) but could be up
to 35% in the case of GJ 3470 b, depending on the XUV and Lyman « stellar
irradiation but also the past evolution of the planet. A possible negligible ef-
fect of photo-evaporation on the planets composition is confirmed at least in
one case, by the detection from the ground and from space of the metastable
helium triplet at 10833 A in HAT-P-11b (Allart et al|?2018; Mansfield et al.
2018). Although HAT-P-11b is among the most massive of its class, these ob-
servations suggest the bulk composition of close-in exo-Neptunes could remain
mostly unaffected during their evolution.

5 Atmospheric composition

With their large atmospheric scale height, Neptune-class planets appear as
the best targets for atmospheric characterization among the small-sized planet
population. Their atmosphere properties can shed light on their composition,
and give us hints on how and where in the protoplanetary disk they formed
as well as their subsequent evolution. In particular, the metallicity is a key
factor that could help disentangle between different formation paths. If close-
in exo-Neptunes were formed beyond the ice line by accretion of water-rich
planetesimals and experienced subsequent migration, they should have much
higher metallicities and their atmosphere should be HoO enriched. In contrast
to low temperature ice giants in which oxygen is trapped deep in the envelope
(Atreya et al.|2020), in exo-Neptunes water can be used as an indicator of the
oxygen abundance and, hence, of the metallicity.

In recent years several atomic and molecular species have been detected in
the transmission spectra of exo-Neptunes (see Table[1| and references therein).
Most of these detections have been performed in the near infrared with Hub-
ble. The WFC3 wavelength ranges are not the best suited for the main carbon
bearing species, and water vapor, via its absorption feature at 1.4um, is the
molecule that is measured in the atmosphere of all these planets. In itself, H,O
is a key molecule as its abundances offer insights into the formation history,
bringing indirect constrains on the physical properties of the original planet’s
building blocks. In principle, it could indeed allow to differentiate between
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accretion of water-rich planetesimals beyond the ice line or in-situ or at least
formation inward of the ice line. In these warm-to-hot atmospheres, the am-
plitude of the HyO feature is attenuated but current measurements rule out
clear solar metallicity atmospheres. In addition to measurements or estimates
of the abundances of chemical species, atmospheric retrieval techniques have
enabled to estimate their metallicity (see Fig. . While the atmospheric C/H
ratio, derived from CH,4 abundances, is used as a proxy for the metallicity of
the solar system giants, in exoplanets, it is usually based on retrieved water
abundances alone and some assumptions on the basic ingredients available,
the atmospheric chemistry, and the clouds distribution (see, e.g.,
. Current chemical compositions point to low metallicities in
their atmosphere in contrast to the super-solar metallicities of Neptune and
Uranus, the latter seen as resulting from accretion of HoO-rich planetesimals
(Fig. ) and (e.g. [Welbanks et al|2019). This could be seen as a large diver-

Table 1 Exoplanets in the 5 - 25 Mg range with detected atmospheric species in the
published literature.

Planet Name Radius Mass Measured species References
[Re] [Me)]
K2-18 b 2.61 £ 0.09 8.63 £ 1.35 CHy4, H20, NH3 1,2,3
GJ 3470 b 4.194 0.59 12587151 CO, H, H20, He 4,5,6,7
HAT-P-26 b 6.33 £ 0.58 18.6 + 2.3 CH4, CO, COg2, CrH, | 8,9
H>O, ScH, TiH
HAT-P-11 b 4.36 £ 0.06 23.4 £ 1.5 He, H20 10,11
GJ 436 b 4.8 + 0.2 13.9+ 1.5 CHy, CO, COo, H, H20, | 12
Si
References: (1) [Madhusudhan et al.| (2020) , (2) Benneke et al.| (2019)), (3) (Tsiaras et al.
2019), (4) Benneke et al.| (2019), (5) [Bourrier et al.| (2018), 6 (Palle et al.[|2020), (7) |[Ninan
et al| (2019), (8) MacDonald and Madhusudhan| (2019), (9) [Wakeford et al.| (2017), (10)
Welbanks et al.| (2019)), (11) |Allart et al.| (2018)), (12) Morley et al(2017),

sity in composition resulting from different formation pathways or differences
in disks composition. However, there is a degeneracy between clouds and gas
abundances, especially when analyses are done over a very limited spectral
coverage (see [Benneke et al.|[2019, e.g.). In addition, a proper comparison be-
tween exo-Neptunes and our solar system giants would deserve not only to
enlarge the sample of planets with atmosphere studies, but mainly a proper
inventory of key species in their atmosphere. This also further enhances the
need to improve our understanding of the atmospheric composition of Neptune
and Uranus.

As a matter of fact, these measurements are related to species in the very
upper parts of the atmosphere of these unresolved objects. In addition, trans-
mission spectroscopy probes different atmospheric layers along the line of sight,
layers which are at different heights but also on the day or the night sides.
This implies a strong heterogeneity along the line of sight which is difficult to
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for the solar system giants (adapted from [Wakeford et al|[2018).

account for in the atmosphere composition retrieval (Caldas et al.|[2019). In
addition, these measurements come from different models which use different
assumptions, including the possible presence of hazes and clouds, and different
compositions resulting on an additional difficulty when trying to compare the
inferred results (Benneke et al.[2019; Wong et al.|[2020).

Finally, compared to our ice giants, these planets are highly irradiated.
As a consequence, we expect differences in their thermal structure, the main
source of heating being located outside the atmosphere rather than in the
interior of the planet, with a vigorous day-night heat distribution (Spiegel
let al|[2010; [Parmentier et al|[2018)). In addition, the interior of these plan-
ets remains mostly unknown: whether we are facing low density fluid objects
or a solid differentiated body topped by a thick atmosphere remains to be
well established (see, e.g., Madhusudhan et al|[2020). For the special case of
fluid objects, the transport and mixing of material between different layers
(Parmentier et al.|2013;|Zhang and Showman|[2018}; Komacek et al.2019) can
also affect the atmospheric chemistry and the cloud formation, making the
atmospheric composition not well representative of the planet’s composition.

6 Formation and orbital evolution

The formation and orbital evolution of planets up to Neptune’s size has been
extensively examined within the core-accretion model with core growth via
planetesimal accretion and orbital migration via interactions with the proto-
planetary disk. The growth timescale by planetesimal accretion beyond the
ice line can be longer than the typical lifetime of protoplanetary disks and the
migration timescale of sub-Neptune planetary cores, which makes it difficult
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to account for the giants in the Solar System (see, e.g., Bitsch et al.2015, and
references therein).

This difficulty has allowed a new paradigm to emerge for core accretion,
where growth is dominated by the accretion of sub-meter-sized solids in the
protoplanetary disk that are commonly referred to as pebbles. Pebbles inter-
act much more strongly with the disk gas than planetesimals indeed, which
allows the gas to damp their eccentricity and inclination much more efficiently
as they zip through the vicinity of a planetary core (Ormel and Klahr|2010)).
Although much less massive than planetesimals, pebbles are therefore accreted
much more efficiently, which can largely speed up planetary growth, particu-
larly beyond the ice line (Lambrechts and Johansen|2014). In particular, the
formation and evolution model of |Bitsch et al.| (2015), which includes pebble
accretion and planet migration in a time-evolving, one-dimensional protoplan-
etary disk, shows that it may be possible to form ice giants (greater than
2Mg) both in the inner and outer parts of the disk, if such planets form quite
late in the disk evolution (after a few million years). Global models of this
kind still have room for improvements. This includes taking into account gas
accretion onto growing planetary cores, to better understand the conditions
for Neptune-mass planets to acquire a gaseous envelope with a similar mass
ratio as the ice giants in the Solar System (see, e.g., [Venturini and Helled
2017; Lambrechts et al.[2019) and references therein). Collisions between plan-
etary cores during the dissipation of the protoplanetary disk could also play
a prominent role in the emergence of Neptune-like planets, and |Izidoro et al.
(2015) have shown that the final growth and evolution of our ice giants could
have proceeded by collisions between several planetary embryos of a few Earth
masses beyond Saturn’s orbit. Such a process could also account for their high
obliquity.

We finally mention an alternative, plausible pathway to forming Neptune-
mass planets via the so-called tidal downsizing scenario. In this scenario, grav-
itational instabilities occuring beyond 50 to100 au from the star, would cause
the outer parts of the protoplanetary disk to fragment. The disk fragmentation
forms gas clumps with a mass comparable to that of Jupiter, which migrate
inwards rapidly due to their interaction with the disk gas. The inspiraling
clumps may build a solid core, and may experience substantial tidal disrup-
tion by tides from the central star. The tidal downsizing scenario may form
(sub-)Neptune-mass planets with very diverse internal and orbital properties,
and we refer the reader to [Nayakshin| (2017)) for a thorough review on this
formation scenario.

7 Towards connecting exo-Neptunes and ice giants

We have reviewed the properties of this broad class of exoplanets with radii
and masses slightly smaller than those of Uranus and Neptune, highlighted in
Fig. 2] On the basis of the current inventory of exoplanets, this Neptune-class
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planets are not directly comparable under all aspects to solar system ice giants,
in the first place because they are located on orbits with significantly shorter
periods, e.g. much closer to their stars. In order to better assess how Uranus,
Neptune, and these exo-Neptunes are similar, and how they differ, the table
shown in Fig. [6] reproduced from Blanc et al.| (2021)), offers a concise summary
of their similarities and differences in light of the six key scientific questions
of the Horizon 2061 foresight exercise, based on our current knowledge.

Horizon
2061 Uranus / Neptune / exo-Neptunes: what we know of their similarities and differences

science

question Uranus Neptune exo-Neptunes
Q1- Diversity of Likely similar bulk composition and internal structure Bulk composition and internal structure
objects insufficiently constrained by data
Q2- Diversity of Location on outer edge of solar system, requires radial migration as modeled in Grand Tack | location close to host star. Can be
architectures and | and Nice models. In situ measurements required for validation. explained by in situ formation or inward
relation to Importance of giant impacts — effects can be best studied at Uranus migration.
formation/early Moon systems: in situ formation (U) vs. capture (Triton at N)? Moon systems unknown
evolution Similar rings systems, magnetic field and magnetosphere configurations Information on magnetic field/

magnetosphere expected from future
detection of radio emissions

Q3- Origins of Core accretion scenario or gravitational instability possible. Core accretion requires Sub-Neptunes: core accretion scenario
planetary challenging « fine tuning ». works if formed at their current location.
systems In situ measurements needed to discriminate between models and identify building block Role of migration unknown
reservoirs.
Q4- How do ice Similar generic internal structure (rock-ice core + “ice” mantle + shallow H-He envelope Bulk composition and internal structure
giant systems Different outward heat fluxes require differences in convective/stable zones and heat insufficiently constrained by
work? transfer regimes observations
Similar dynamo generation of magnetic field Progress expected on composition
Similar magr dy ics and ri dynamics processes from future transmission spectroscopy
Q5- Search for Need to characterize habitability of active Triton currently an “ocean world” candidate Moon systems unknown
potential habitats | moons, including Ariel and Miranda
Q6- Search for Pending on future extensive exploration of | Triton currently the best candidate, pending on | Search for life at exoplanets currently
Life Uranian moon system characterization of its habitability focused on atmospheric biosignatures

of planets in Habitable Zone

Fig. 6 A tentative survey of known similarities and differences between Uranus, Neptune
and exo-Neptunes, established on the basis of our current knowledge and in the light of the
six “key science questions” of the “Planetary Exploration, Horizon 2061” foresight exercise

(https://horizon2061.cnrs.fr). From (2021)), this issue.

Focusing on Question 1 (understanding the diversity of objects), the sim-
ilar mass and radius ranges of exo-Neptunes and ice giants suggest similar
densities, bulk compositions and therefore ice-to rock ratios. It is in this re-
stricted sense only that one can provisionally say today that ice giants and exo-
Neptunes belong to the same class of planets. But it is only by comparing their
characteristics more accurately in the decades to come, as observation tech-
niques will make progress, that we will really be able to understand whether
they belong to the same unique class or if they are representative of two dif-
ferent classes in terms of planetary composition and evolution. To achieve this
goal, a major quantitative step forward in our knowledge of Neptune-class
planets will have to be accomplished. This effort needs to be made in two
directions:

e For exoplanet research, one will need to take advantage of progress expected
in the decades to come in the panoply of ground-based and space-based
techniques for detecting and characterizing exoplanets, to (i) extend the
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survey of exoplanets towards the right-hand side of Fig. |1} with the objec-
tive of ultimately covering the range of masses/sizes and orbital periods
where Uranus and Neptune reside; (ii) gain orders of magnitude in the char-
acterization of the densities and atmospheric compositions of Neptune-like
planets.

e For solar system research, one needs to develop the necessary tools to pro-
vide orders-of-magnitude improvements in our poor knowledge of ice gi-
ants. Such progress can be accomplished only by sending space missions to
explore ice giants with a combination of atmospheric entry probes and low-
periapse high-inclination orbiters (Blanc et al., 2020). Atmospheric entry
probes of such urgently needed ice giants exploration program, will pro-
vide accurate measurements of noble gases chemical composition and key
isotopic ratios of ice giants atmospheres (Mousis et al.|2018; Mandt et al.
2020) while orbiter measurements will provide complementary measure-
ments of heavy elements in the atmosphere and of the internal structure,
“4 la Juno” (Bolton et al[|2017)), via a spectacular improvement of the
determination of gravity and magnetic fields. This combination of probe
and orbiter measurements will make it possible to determine at the same
time the bulk and atmospheric compositions of ice giants, making a direct
and accurate comparison with Neptunes-class exoplanets possible for the
first time.

8 Conclusion

There is no clear Neptune analogs identified today and likely we will have to
wait for the next generation of imagers to catch them. Despite developments
in imaging are mostly focused on the detection of Earth analogs, detecting real
ice giant analogs would be a major step in our understanding of the planetary
system architecture.

Meanwhile, we are left with planetary systems very different from ours.
Here, Neptune-class planets are found in closely packed multi-planet systems
and all are close to their host star (j0.1AU). Exposed to strong irradiation
from their host star, suspected of being able to strip them from their atmo-
sphere, some might have ended up as naked cores. If this scenario is confirmed,
exo-Neptunes would be the progenitors of the super-Earth population, and
therefore the most common product of planet formation.

In the JWST era, these transiting exo-Neptunes with their extended at-
mosphere are key targets for detailed characterization of their atmospheric
composition, which will likely bring new insights and constraints of their for-
mation mechanism. First hints into their atmospheric properties suggest how-
ever a large diversity at odds to that of the ice giants of the Solar System.
In-situ formation that would involve a large amount of H/He remains difficult
to consider, and a formation within or past the snow line of their protoplan-
etary disk, followed by inward migration appears to provide a more robust
alternative. If their formation took place beyond the ice line, this numerous



Neptune-class exoplanets 15

Neptune-class population might have experienced similar formation conditions
than our ice giants. This makes even more crucial to get clear references to
which compare our exoplanets.

Still today, Neptune and Uranus remain however poorly known. Their at-
mospheric composition is unfortunately not well known and nor is their inter-
nal composition. Their frozen atmosphere might be representative of the early
solar system conditions beyond the ice line, depending on the orbital and inter-
nal evolution of these planets. Also, a clear determination of the composition
of their core (ice-rich or rocky) would be very valuable in the framework of
the super-Earths vs. exo-Neptunes dichotomy resulting from efficient photo-
evaporation.

Progress towards a better determination of the bulk and atmospheric com-
positions of Neptune-class planets and solar system ice giants, allowing their
direct comparison, is expected in the coming decades from the emergence of
new, more powerful observation tools: on the exoplanet side, JWST and the
next generation of giant telescopes. For Uranus and Neptune, an ambitious
program of space exploration of ice giants combining in situ measurements
in their atmospheres by atmospheric entry probes with complementary deter-
minations of their gravity and magnetic fields, and therefore of their internal
structure.

Given the abundance and diversity of the exo-Neptune population, it is
possible we will gain insights into our solar system’s ice giants placing our
planets in a broader evolutionary context.
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