
P A T H W A Y S  T O W A R D S 

E X O M O O N S



Brief Outline
‣ Big thank-you to our 10 speakers (Kane, 

Hong, Perets, Dobos, Forgan, Kisiyakova, 
Lacy, Kipping, Haghighipour, Beaulieu)

‣ Exomoons are coming, we aim to build an 
interested community through our meeting

‣ 3 main topics: i) formation & evolution ii) 
habitability iii) detection

‣ We will post slides pending agreement 
from speakers at www.exomoon.org

http://www.exomoon.org
http://www.exomoon.org


Foreman-Mackey+ (2014)

1.7-1.0 %+2.6

+1.9

ηrocky =HZ

Rocky
Planets

~habitable zone

Gaseous
Planets

ηgassy =HZ

9.2-1.7 %
×≳5   more

0.5R⊕ moons
stable

0.5R⊕ moons
unstable

Gaseous-Rocky
divide at 1.5R⊕ 

[Rogers 2015]

Foreman-Mackey+ 2014

[Barnes & O
’Brien 2002]



F O R M AT I O N  &  E V O L U T I O N
Kane: Sol Sys Moons as Exoplanet Analogs

Power law slope = 0.91

Endomoons



F O R M AT I O N  &  E V O L U T I O N
Kane: Sol Sys Moons as Exoplanet Analogs

Power law slope = 0.47

Exoplanets

Difference due to different 
compositions/densities in the disks?



F O R M AT I O N  &  E V O L U T I O N
Hong: Exomoon Survivability after Close Planet-Planet Encounters

‣ planet-planet scattering 
reproduces observed exoplanet 
eccentricity - will their moons 
survive?

‣ moon survival vs planet 
observables: semi-major axis, ecc, 
inc, mass => can predict moon 
survival rates and place upper 
bounds on moon semi-major axis
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Hong: Exomoon Survivability after Close Planet-Planet Encounters

‣ favourable conditions for 
survival: low inc & ecc, less 
migration, attached to massive 
planets and less frequent/more 
distant planet-planet encounters

ejected

collision

stable

~30%

~40%~15%

other cases (e.g. 
astrocentric orbit)

‣ planet-planet scattering 
reproduces observed exoplanet 
eccentricity - will their moons 
survive?

‣ moon survival vs planet 
observables: semi-major axis, ecc, 
inc, mass => can predict moon 
survival rates and place upper 
bounds on moon semi-major axis



F O R M AT I O N  &  E V O L U T I O N
Perets: Formation & Evolution of (Exo)moons

6 Perets & Payne

ejected from the system if they approach the instability
region at apocenter (approximately 0.3-0.4 of the plane-
tary Hill radius). For these reasons, moons scattered into
high (mutual) inclination (with respect to the planet or-
bit around the Sun) are not likely to survive long before
they collide with the planet/other moon or are ejected
from the system. Such evolution depletes moons at high
inclinations; the lifetime of moons at such inclinations is
short; they can not achieve high inclinations close to 90◦,
which would allow them, through additional scattering
(or secular evolution) obtain retrograde orbits. Rather,
they are either scattered into at most 50◦ − 60◦, and are
then scattered back to lower inclinations or they are de-
stroyed (collision or ejection). We note, however, that
KL evolution is very sensitive to other perturbations af-
fecting the pericenter precession of the orbits, and can be
easily quenched due to competing interactions (e.g. the
combined perturbations of the other moons alter the pure
KL evolution due to the Sun; tidal interaction and/or
the oblateness of the planet can also alter such evolu-
tion, at least for moons achieving small pericenters; see
also Nagasawa & Ida 2011 for a similar discussion in the
context of planet-planet scattering).
Though long term stability of high inclination orbit is

difficult, we nevertheless find many moons do chive ret-
rograde orbits throughout their orbital evolution, some-
times even for long period of time (thousands of years).
Moon-moon scattering can therefore produce not only
prograde irregular satellites, but also retrograde irregular
ones. Analysis of their dynamical history reveals that all
moons showing this behavior have been, at earlier times,
ejected from the system, and have later been temporarily
recaptured into retrograde orbits (Fig. 3 show a typical
example of such evolution).
Such a temporary capture, if followed by a dissipative

process, could produce irregular moons; indeed this is the
basic mechanism suggested to produce irregular moons
in the moon-capture scenario. Our results therefore sug-
gest that in-situ formation of moons followed by scat-
tering can lead to similar outcomes as the capture sce-
narios, without alluding to capture of externally formed
planetesimals, i.e. irregular moons might be recaptured
moons, in addition to, or instead of being captured as-
teroids/KBOs.
In our simulations we do not account for any dissi-

pation from e.g. interaction with gas or tidal friction
during close encounters with the host planet. Scatter-
ing by other moons can also stabilize the orbit of such
recaptured runaway moons to become permanently cap-
tured. Nevertheless, we find no satellites that survived
in retrograde orbits more that few thousands years. In
fact, we find that all the moons which eventually collided
with the host planet in our simulations did so only after
they have been ejected and had been temporarily recap-
tured. In Fig. 5 we show the inclination distribution of
such satellites prior to their collision. This suggests that
introducing tidal interaction with the planet can have a
major part in potentially stabilizing the orbits of these
moons, and potentially produce the retrograde satellites
we see today. Indeed, it had been shown that the tidal
effects are essential for producing retrograde planets in
planet-scattering simulations (e.g. Payne et al., submit-
ted). The potentially promising effects of adding such
a dissipative process to the moon-scattering simulations

0 50 100 150
0

0.1

0.2

0.3

0.4

0.5

0.6

Inclination (deg)
Se

m
i−

m
aj

or
 a

xi
s 

(A
U

)

0

5

10

15

# 
m

oo
ns

Fig. 5.— Distribution of inclinations for potentially tidally cap-
tured/dissipated moons (in model 3; that RH ∼ 0.77 AU), at the
point they where they would have (strongly) tidally interacted with
the planet (pericenter distance smaller than twice the planetary ra-
dius). The addition of tidal interactions could potentially dissipate
sufficient energy as to recapture such moons, and quench any fur-
ther excitation of the eccentricity which would have otherwise lead
to their collision with the planet.

is beyond the scope of this paper and will be discussed
elsewhere.

8. DISCUSSION AND SUMMARY

The discovery of hundreds of exo-planetary systems in
the last two decades have provided new perspectives on
the possible architecture of planetary systems. In con-
trast to the Solar system with its co-planar configuration
of planets in nearly circular orbits, many exo-planetary
systems present planets on highly inclined (with respect
to the spin of their host star) and/or on highly eccentric
orbits. Planets are thought to form in a protoplanetary
disk which could naturally account for the existence of
planets on co-planar circular orbits. The new discoveries
of eccentric/inclined planetary orbits gave rise to models
in which following the formation of multiple planets, they
mutually perturbed and scatter each other through grav-
itational interactions. Such dynamical excitation eventu-
ally leads to the ejection of most of the planets, and the
survival of typically 1-3 planets on eccentric and inclined
orbits, with orbital properties consistent with observa-
tions.
Regular moons of the Solar system gas giants have been

suggested to form in a circum-planetary disk around their
host planet, in an analogue process to the formation of
the Solar system planets and exoplanets observed in co-
planar, circular orbits. As demonstrated here, massive
moons (comparable in mass to the regular moons) which
formed on co-planar circular orbits beyond the region of
the regular moons can scatter each other and/or scat-
ter a population of low mass satellites (massless parti-
cles in our simulations) into eccentric and inclined con-
figurations thereby producing irregular-like moons, serv-
ing as the satellite analogue for eccentric/inclined exo-
planetary systems. Our main results can be summarized
as follows

Inclined moons formed as regular 
satellites + moon-moon scattering

• Solar system moons of the gas-giants, 
(including retrograde small moons), may 
have all formed through in-situ 
formation
- Capture scenarios might not 
be needed 



F O R M AT I O N  &  E V O L U T I O N

• Large Mars-size moons can form in 
more massive circumplanetary disk, 
which would suggest the possibility of 
large exomoons around more massive 
planets 

• Moons of migrating planets are less 
likely to survive, even in the inner 
regions 

Perets: Formation & Evolution of (Exo)moons

6 Perets & Payne
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example of such evolution).
Such a temporary capture, if followed by a dissipative

process, could produce irregular moons; indeed this is the
basic mechanism suggested to produce irregular moons
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during close encounters with the host planet. Scatter-
ing by other moons can also stabilize the orbit of such
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tured. Nevertheless, we find no satellites that survived
in retrograde orbits more that few thousands years. In
fact, we find that all the moons which eventually collided
with the host planet in our simulations did so only after
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point they where they would have (strongly) tidally interacted with
the planet (pericenter distance smaller than twice the planetary ra-
dius). The addition of tidal interactions could potentially dissipate
sufficient energy as to recapture such moons, and quench any fur-
ther excitation of the eccentricity which would have otherwise lead
to their collision with the planet.

is beyond the scope of this paper and will be discussed
elsewhere.

8. DISCUSSION AND SUMMARY

The discovery of hundreds of exo-planetary systems in
the last two decades have provided new perspectives on
the possible architecture of planetary systems. In con-
trast to the Solar system with its co-planar configuration
of planets in nearly circular orbits, many exo-planetary
systems present planets on highly inclined (with respect
to the spin of their host star) and/or on highly eccentric
orbits. Planets are thought to form in a protoplanetary
disk which could naturally account for the existence of
planets on co-planar circular orbits. The new discoveries
of eccentric/inclined planetary orbits gave rise to models
in which following the formation of multiple planets, they
mutually perturbed and scatter each other through grav-
itational interactions. Such dynamical excitation eventu-
ally leads to the ejection of most of the planets, and the
survival of typically 1-3 planets on eccentric and inclined
orbits, with orbital properties consistent with observa-
tions.
Regular moons of the Solar system gas giants have been

suggested to form in a circum-planetary disk around their
host planet, in an analogue process to the formation of
the Solar system planets and exoplanets observed in co-
planar, circular orbits. As demonstrated here, massive
moons (comparable in mass to the regular moons) which
formed on co-planar circular orbits beyond the region of
the regular moons can scatter each other and/or scat-
ter a population of low mass satellites (massless parti-
cles in our simulations) into eccentric and inclined con-
figurations thereby producing irregular-like moons, serv-
ing as the satellite analogue for eccentric/inclined exo-
planetary systems. Our main results can be summarized
as follows
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satellites + moon-moon scattering

• Solar system moons of the gas-giants, 
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have all formed through in-situ 
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Circumplanetary HZ

Stellar irradiation

+

tidal heating

Jupiter-like planet

+

Earth-like moon

Outer limit: maximum greenhouse

Inner limit: runaway greenhouse

G2 star

Dobos et al. (2015), in preparation

for Sun-like stars

E X O M O O N  H A B I TA B I L I T Y
Dobos: Viscoelastic Tidally Heated Exomoons



Climate Models of Earthlike Exomoons

CS cycle  
Fixed-Q tidal Heating

CS cycle  
Viscoelastic tidal Heating

Forgan & Yotov (2014) outer edge of HZ 
(em = 0.1)

Forgan and Kipping (2013), Forgan and Yotov (2014), Forgan, Dobos and Turner (in prep).

Exomoon HZs are Complex and Multidimensional
Circumplanetary HZs have an inner and outer edge

This is due to a combination of eclipses and ice albedo feedback  

E X O M O O N  H A B I TA B I L I T Y
Forgan: Climate Models of Earthlike Exomoons

• Exomoon HZ are complex and multimodal
• Circumplanetary HZs have an inner and an outer edge
• This is due to a combination of eclipses and ice albedo feedback



Kisiyakova: Stability of Exomoon Atmospheres
E X O M O O N  H A B I TA B I L I T Y

Origin and Stability of exomoon atmospheres

H. Lammer,
K.G.Kislyakova,
N.V. Erkaev,
I. Juvan,
P. Odert,
M. Güdel

Summary of
the study:
Lammer
et al., OLEB,
2014, 44, 239

K.G. Kislyakova (IWF) Implications for habitability July 15, 2015 1 / 1

Assuming no magnetic protection, 0.1M⊕ 
exomoons lose their atmosphere rapidly. 

Even 0.5M⊕ unlikely to retain.



D E T E C T I O N  O F  E X O M O O N S
Lacy: Spectroastrometric Detection of Exomoons

3 

Modelling Spectroastrometric Signal 

Signal:   𝑪𝒆𝒏𝒕𝒓𝒐𝒊𝒅 𝝀𝒑𝒍𝒂𝒏𝒆𝒕 − 𝑪𝒆𝒏𝒕𝒓𝒐𝒊𝒅 𝝀𝒎𝒐𝒐𝒏  

• Modelled direct images of Earth and Moon analog around α-Centauri 
• Two Wavelengths of light:  0.35 µm  on left and 2.69 µm on right 
• Assumed 12 m space telescope  with high definition coronagraphic capabilities and 24 

hour exposure time– note we have used high  sampling of psf for illustrative purposes 

0.35um 2.69um
Earth-Moon around Alpha Centauri

(12m space telescope with perfect coronograph for 24h)
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D E T E C T I O N  O F  E X O M O O N S
Lacy: Spectroastrometric Detection of Exomoons

Exploring Feasibility of Detection 
5 

Instrumentation: 
12 m class space telescope 
equipped with coronagraph 
with 3 µm cut-off with 
detector capable of 
measuring both spatial and 
spectral information, 20% tp 

Potential Targets: 
αCentauri  sole  option  for  
Earth-moon 

58 possible main sequence F 
K G stars to search around 
for Jovian-Earth systems 
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Potential targets:

Earth-Moon
1 (Alpha Centauri)

Jupiter-
Earth
58 FGK stars

Not just a 
detection method 
but also a 
characterization 
method, yielding 
a moon spectra



Kipping: The Hunt for Exomoons with Kepler (HEK) project
D E T E C T I O N  O F  E X O M O O N S
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Kipping: The Hunt for Exomoons with Kepler (HEK) project
D E T E C T I O N  O F  E X O M O O N S
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Capture'
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Captured''
Satellites'

Hunt%for%Exomoons%%
Forma/on,%Evolu/on,%and%Detec/on%
Nader%Haghighipour%(IfA,%Hawaii)%
Billy%Quarles%(NASA%Ames)%

Searching%popula/on%of%Kepler%%
NeptuneFsized%Planet%candidates%%
for%terrestrialFclass%satellites.%
%
Constraining%the%search%through%
forma/on%process.%
%
Use%transit,%TTV,%and%TDV%to%detect%
ExoFsatellites.%%

TTV=2.4%hr%

TTV'induced'on'Saturn'by'an'Earth<sized'moon'@'1'AU'

D E T E C T I O N  O F  E X O M O O N S



Beaulieu: A Microlensing Exomoon Candidate
D E T E C T I O N  O F  E X O M O O N SExomoon candidate

Bayesian analysis"Bayesian analysis"
Bayesian analysis"Bayesian analysis"Mode 1 Mode 2

Mass-ratio = 5 10-4



Beaulieu: A Microlensing Exomoon Candidate
D E T E C T I O N  O F  E X O M O O N S

Bayesian analysis"Bayesian analysis"
Bayesian analysis"Bayesian analysis"Mode 1 Mode 2

Mass-ratio = 5 10-4

Free floating 5MJ 
Jupiter with a 

sub-Earth moon 
@ 500pc

Late M-dwarf 
with a sub-

Neptune mass 
planet @ high 

velocity

No hope to distinguish with current data 
(if we’d had a parallax could have solved)



F I N A L  T H O U G H T S

‣ Is there a plausible pathway for the formation & 
evolution of big (Earth-like) moons?

‣ Planet migration/encounters are bad for moons

‣ Exomoons have complex, multi-dimensional 
“habitable-zones”. Tides & atmospheric loss are 
major concerns.

‣ Is the current data on exomoons consistent with 
theoretical expectations?

                                                      Website: www.exomoon.org

http://www.exomoon.org
http://www.exomoon.org

