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The Uranian satellite system

Miranda Ariel Umbriel Titania Oberon

O

A

T

M

U

Moon a(RU) e I(◦) m(×10−5mU)
Miranda (1) 5.081 0.0014 4.407 0.075

Ariel (2) 7.470 0.0012 0.017 1.441
Umbriel (3) 10.407 0.0039 0.080 1.469
Titania (4) 17.070 0.0012 0.113 3.917
Oberon (5) 22.828 0.0014 0.148 3.544

Mean values at J2000 epoch, Uranus’s equatorial frame
(Jacobson 2014; Gomes & Correia 2024)
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Present-day state of the moons
▶ No current MMR between the satellites

▶ Wide range of surfaces:
• Oberon and Umbriel show large craters;
• Ariel, Miranda and Titania show extreme to moderate

resurfacing.

Hamlet crater (∼206 km)

Othello crater (∼114 km)

Oberon

Resurfacing traces

Ariel
Explain:
▶ current free eccentricities and inclinations of the moons;
▶ resurfacing events (especially for Ariel).
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Tides on the planet

Tides on Uranus (QU,i): i-th moon’s momentum gain from the
planet’s spin main effect ai ↗

δi ≈
1

2QU,i

Fnear

Ffar

ωU > ni moon’s migration

Uranus
i-th moon
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Tides on the satellite
Tides on moon (Qi): moon’s energy loss because of internal friction

in an eccentric orbit main effect ei ↘ + heat g

Uranus i-th moon

ei ̸= 0

moon’s migration
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Past and recent literature
Previous studies (e.g., Tittemore & Wisdom 1988-’89-’90) adopted a
medium-high QU = 10 000 − 39 000 to avoid the 2:1 A-U MMR.

Recent findings suggest a higher dissipation scenario:
QU ∼ 1 000 (Nimmo 2023), QU ≈ 700 (Jacobson & Park 2025).

Crossing 2:1 A-U MMR highly probable, about 200 – 600 Myrs ago

values of QU at 2:1 MMR
for Ariel’s resurfacing

(Nimmo 2023)

estimated
tidal heating
(∝ 1/QU )
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Tidal resonance locking
Pb.: A low QU,i implies a too rapid outward migration of the satellites
during the whole evolution. This issue arises if QU,i is constant.

Moons’ orbital frequency & planet’s internal modes coupling
Dissipation controlled by the rate at which the internal

structure of the planet evolves

outward direction

1/
Q

U
,i

Resonance locking (Fuller et al. 2016):

QU,i(t) =
9k2,U

2
mi

mU

(
RU

ai

)5 (
ωU

ni
− 1

)−1

ni tα,i

location of
the 2:1 MMR
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2:1 Ariel-Umbriel MMR revisited
A-U mean motion ratio eccentricity of Ariel inclination of Ariel
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Resonance-locking simulations parametrized by Ariel’s quality factor Q2.

Regardless of the value of Q2 and the type of evolution, the 2:1 A-U
MMR persists after capture (cf. also Tittemore & Wisdom 1990).

/
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Breaking the 2:1 resonance
Pb.: If Ariel and Umbriel were captured in this strong 2:1 MMR, this
can explain Ariel’s resurfacing. But how did the system exit that?

Peale (1987): disruption of the resonance by the perturbation of
Titania. We investigated two possibilities (need of low QU,4):
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 1.4

 1.6

 1.8

 2

 2.2

 2.4

-1 -0.8 -0.6 -0.4 -0.2  0

2:1 A-U resonance
?

4:2:1 crossing

m
e
a
n
 m

o
ti
o
n
 r

a
ti
o
s

time (Gyrs)

n
2
/n

3

n
3
/n

4

convergent crossing of the 4:2:1 resonance

 1.4

 1.6

 1.8

 2

 2.2

 2.4

-1 -0.8 -0.6 -0.4 -0.2  0

2:1 A-U resonance
?

3:2:1 crossing

m
e
a
n
 m

o
ti
o
n
 r

a
ti
o
s

time (Gyrs)

n
2
/n

3

n
3
/n

4

divergent crossing of the 3:2:1 resonance

Mattia Rossi (LTE/UniPi) The 2:1 resonance between Ariel and Umbriel in a fast-migration scenario of the Uranian system 9 / 18



Breaking the 2:1 resonance
Pb.: If Ariel and Umbriel were captured in this strong 2:1 MMR, this
can explain Ariel’s resurfacing. But how did the system exit that?
Peale (1987): disruption of the resonance by the perturbation of
Titania.

We investigated two possibilities (need of low QU,4):

4:2:1 A-U-T 3:2:1 A-U-T

 1.4

 1.6

 1.8

 2

 2.2

 2.4

-1 -0.8 -0.6 -0.4 -0.2  0

2:1 A-U resonance
?

4:2:1 crossing

m
e
a
n
 m

o
ti
o
n
 r

a
ti
o
s

time (Gyrs)

n
2
/n

3

n
3
/n

4

convergent crossing of the 4:2:1 resonance

 1.4

 1.6

 1.8

 2

 2.2

 2.4

-1 -0.8 -0.6 -0.4 -0.2  0

2:1 A-U resonance
?

3:2:1 crossing

m
e
a
n
 m

o
ti
o
n
 r

a
ti
o
s

time (Gyrs)

n
2
/n

3

n
3
/n

4

divergent crossing of the 3:2:1 resonance

Mattia Rossi (LTE/UniPi) The 2:1 resonance between Ariel and Umbriel in a fast-migration scenario of the Uranian system 9 / 18



Breaking the 2:1 resonance
Pb.: If Ariel and Umbriel were captured in this strong 2:1 MMR, this
can explain Ariel’s resurfacing. But how did the system exit that?
Peale (1987): disruption of the resonance by the perturbation of
Titania. We investigated two possibilities (need of low QU,4):

4:2:1 A-U-T 3:2:1 A-U-T

 1.4

 1.6

 1.8

 2

 2.2

 2.4

-1 -0.8 -0.6 -0.4 -0.2  0

2:1 A-U resonance
?

4:2:1 crossing

m
e
a
n
 m

o
ti
o
n
 r

a
ti
o
s

time (Gyrs)

n
2
/n

3

n
3
/n

4

convergent crossing of the 4:2:1 resonance

 1.4

 1.6

 1.8

 2

 2.2

 2.4

-1 -0.8 -0.6 -0.4 -0.2  0

2:1 A-U resonance
?

3:2:1 crossing

m
e
a
n
 m

o
ti
o
n
 r

a
ti
o
s

time (Gyrs)

n
2
/n

3

n
3
/n

4

divergent crossing of the 3:2:1 resonance

Mattia Rossi (LTE/UniPi) The 2:1 resonance between Ariel and Umbriel in a fast-migration scenario of the Uranian system 9 / 18



Dynamical model
To this purpose, we developed an averaged model that includes:
▶ all the 5 satellites;
▶ a 3-body MMR chain (namely, Ariel-Umbriel-Titania);
▶ Uranus’s oblateness;
▶ a tidal model (including resonance locking).

We start from the Hamiltonian in planetocentric coordinates

H = HK +HI +HD +HO ,

where
▶ HK is the Keplerian part,
▶ HI and HD are the indirect and direct parts,
▶ HO is the effect of the non-sphericity of Uranus (J2).
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Dynamical model
We
▶ write H in elliptical elements (ai , ei , Ii , λi , ϖi ,Ωi), i = 1, . . . , 5;

▶ expand up to 2nd order in ei , si (si = sin(Ii/2));
▶ introduce resonant coordinates

σj = λj (j = 1, 4, 5) , σ2 = 2λ3−λ2 , σ3 =

{
2λ4 − λ3 (4:2:1)
3λ4 − 2λ3 (3:2:1)

;

▶ take the average over fast angles λi except σ2, σ3:

⟨H⟩σ2,σ3 =
1

(2π)5

∫
T5
Hdλ1 . . . dλ5 ;

▶ pass to Poincaré variables (yi , vi , xi , ui) and complete the
canonical transformation with conjugate pairs (σi ,Σi).
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Dynamical model
Setting βi = mUmi/(mU + mi), the four contributions read

⟨HK ⟩σ2,σ3 = −
5∑

i=1

Gm0mi

2ai
,

⟨HO⟩σ2,σ3 =
5∑

i=1

Gm0mi

ai

[
J2

(
R0

ai

)2 1
4
(12s2

i − 3e2
i − 2)

]
,

⟨HI⟩σ2,σ3 =



β2a2n2β3a3n3

m0
e3 cos(2λ3 − λ2 −ϖ3)

+
β3a3n3β4a4n4

m0
e4 cos(2λ4 − λ3 −ϖ4)

(4:2:1)

β2a2n2β3a3n3

m0
e3 cos(2λ3 − λ2 −ϖ3)

+
9β2a2n2β4a4n4

8m0
e2

4 cos(3λ4 − λ2 − 2ϖ4)
(3:2:1)

,
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Dynamical model

⟨HD⟩σ2,σ3 = HD,sec +HD,2:1AU +

{
HD,2:1UT (4:2:1)
HD,3:2UT +HD,3:1AT (3:2:1)

.

E.g.:

HD,2:1AU = −Gm2m3

a3

(
F0e2 cos(2λ3 − λ2 −ϖ2)

+ F1e3 cos(2λ3 − λ2 −ϖ3) + F2e2
2 cos(4λ3 − 2λ2 − 2ϖ2)

+ F3e2
3 cos(4λ3 − 2λ2 − 2ϖ3)

+ F4e2e3 cos(4λ3 − 2λ2 −ϖ2 −ϖ3)

+ F5s2
2 cos(4λ3 − 2λ2 − 2Ω2) + F6s2

3 cos(4λ3 − 2λ2 − Ω3)

+ F7s2s3 cos(4λ3 − 2λ2 − Ω2 − Ω3)

)
,

where Fj = Fj(α23), α23 = a2/a3 < 1, depend on Laplace coefficients.
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Tidal model
Assuming synchronously rotating satellites and zero obliquity, we use
secular variations of ai , ei , si for the tidal dissipation (Malhotra
1991; Ferraz-Mello et al. 2008):

ȧi

ai
=

2
3

ci

(
1 +

(
51
4

− 7Di

)
e2

i

)
,

ėi

ei
= −1

3
ci

(
7Di −

19
4

)
,

ṡi

si
= −1

6
ci ,

with

ci =
9
2

k2,U

QU,i(t)
mi

mU

(
RU

ai

)5

ni , Di =
k2,i

Qi

QU,i(t)
k2,U

(
Ri

RU

)5 (mU

mi

)2

.

These are added to Hamilton equations using canonical variables.
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Escaping the 2:1 resonance
e2(0) and e3(0) forced by the 2:1 MMR Analysis on e4(0) and Q2

4:2:1 case
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3:2:1 better than 4:2:1: exit probability ≳ 60% for Q2 ≥ 200
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Mean orbital elements (Ii, ei) at resonance exit
3:2:1 case (e4(0) = 0.0001, Q2 ≤ 250)
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Example of favorable evolution in the 3:2:1 case
eccentricities and inclinations (Q2 = 150)
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Conclusions
We performed numerical simulations of the Uranus satellite system
in a fast-migration regime and found that:

▶ capture into 2:1 Ariel-Umbriel MMR is extremely likely for
small eccentricities and can potentially persist indefinitely;

▶ capture into resonance would have induced significant tidal
heating within Ariel, possibly explaining its resurfacing;

▶ a further resonant encounter with Titania disrupts the 2:1
resonance, with conditional escape probability (3:2:1 more
efficient than 4:2:1);

▶ the final values of the orbital elements are generally higher
than the current values, but they could be damped successively
(Ćuk et al. 2020; Gomes & Correia 2023-24).

For more details: Rossi, M., et al. “Capture and escape from the 2:1 resonance
between Ariel and Umbriel in a fast-migration scenario of the Uranian system”.
A&A 705 (2026): A48.
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