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Abstract12

The recent discovery of the atmosphere around the ∼ 255-km-radius plutino13

(612533) 2002 XV93 challenges the usual expectation that such a small trans-14

Neptunian object cannot retain a volatile atmosphere over long timescales. Re-15

garding the observed atmosphere, two possible origins have been suggested: ongoing16

cryovolcanic activity or a recent impact. We point out that a so far undetected17

satellite can be the energy source of the cryovolcanism. We derive the relevant tidal18

heating scaling, the viable satellite parameter space, and outline direct observational19

tests of the proposed mechanism. For plausible icy-body parameters, 30–100 km20

diameter companions can sustain such an atmosphere for close, eccentric orbits. The21

hypothesis predicts a companion directly detectable through high-resolution imag-22

ing, rotational light-curve effects, and stellar occultation. Our model also predicts23

indirect detection possibilities by monitoring the atmospheric evolution via future24

additional stellar occultation measurements, which also helps to distinguish between25

impactor and satellite scenarios. Since we estimate the circularization timescale of26

the hypothetical moon to fall between 104 - 106 years, we point out that the outer27

regions of the Solar System still exhibit dynamically intense processes today.28

1 Introduction29

Arimatsu et al. [1] very recently reported that their stellar occultation measurements30

revealed an atmosphere of the Trans-Neptunian Object (TNO) 2002 XV93. This new31

discovery poses a pressing question regarding studies of the properties of asteroids. The32

∗corresponding author, e-mail: szilard.csizmadia@dlr.de
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reported detection of such an atmosphere is unexpected because the object is substantially33

smaller than the classical volatile-bearing bodies Pluto, Triton, Eris, and Makemake [2].34

Arimatsu et al. [1] inferred a surface pressure of 100–200 nbar from stellar-occultation35

data and discussed the difficulty of maintaining such an atmosphere on a body with radius36

Ra ≈ 255 km. Note that the Jeans-parameter (the Jeans-parameter being λ = v2esc/v
2
therm37

where vesc is the gravitational escape velocity from a celestial body and vtherm is the38

mean thermal velocity in its atmosphere) is in the order of 1-3 for N2, Ar, CO or CH439

atmospheres on this minor planet. This means that, in a naive Jeans model, the atmosphere40

escapes the asteroid within a few hours. Since the Jeans escape model may not be valid41

at such low surface temperatures (45 K, see [1]) and low pressures, Arimatsu et al. [1]42

concluded that the time scale of the atmospheric loss is in the order of 100-1000 years.43

This is still too low for a primordial atmosphere, so there must be a mechanism that44

recently birthed or continuously sustains the atmosphere. Two broad explanations were45

originally proposed: volatile release by cryovolcanic activity or transient production by46

the impact of a small icy body [1, 3]. But what drives this volcanic activity energetically47

was left open in [1].48

Although the above-mentioned possibilities are not mutually exclusive, cryovolcanic49

activity [4] requires not only accessible volatiles but also an energy source capable of50

mobilizing or releasing such material. For a small, cold TNO, radiogenic heating alone is51

unlikely to explain. We therefore consider whether an external dynamical energy source52

could supply part or all of the required power.53

We investigate whether the atmosphere of 2002 XV93 could be sustained by cryovolcanic54

activity powered by satellite-driven tidal heating. The mechanism is analogous to the55

tidal heating of Io [5], although not necessarily in scale or geological expression. Such a56

scenario is plausible in the sense that satellites are common among small Solar System57

bodies, including trans-Neptunian objects (https://www.johnstonsarchive.net/astro/58

astmoontable.html).59

A key prediction of the satellite-driven tidal-heating scenario is the presence of a60

companion capable of supplying the required internal heat. Such a companion could be61

searched for through high-resolution imaging, stellar occultations, rotational photometry,62

or long-baseline astrometry. Conversely, stringent non-detections of companions in the63

relevant separation and contrast regime would disfavour this mechanism and lend support64

to an impact origin, thereby constraining the collisional and dynamical state of the65

present-day outer Solar System.66

2 Model67

2.1 Atmospheric mass and required replenishment power68

We assume the atmosphere is in hydrostatic equilibrium. For an asteroid of radius Ra,69

surface gravity ga, and atmospheric pressure on the surface Pa, the total atmospheric mass70

is approximately71

Matm ≃
4πR2

aPa

ga
. (1)

We denote the mean bulk density of the asteroid by ρa and its mass by Ma, and we express72

the surface gravity as73

ga =
GMa

R2
a

=
4π

3
GρaRa, (2)
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where G is the Newtonian gravitational constant. Thus74

Matm ≃
3RaPa

Gρa
(3)

For Ra = 255 km, Pa = 100− 200 nbar [1] and, assuming an icy composition for the main75

body, ρa = 0.5− 1.5 g cm−3, this yields an atmospheric mass of76

Matm ∼ (0.08− 0.45) · 1012kg (4)

The heating power needed to sustain such an atmosphere is set by the species being77

volatilized, the available volatile reservoir, the escape and recondensation timescales, and78

the efficiency with which internal heating is converted into atmospheric gas. Therefore, we79

define a replenishment luminosity of80

Lrep ≃
1

η

Matm Lsub

τrepl
, (5)

which (albeit phenomenological) helps us to characterize the required tidal heating power.81

Here Lsub is the effective volatile-release energy per unit mass (latent heat), τrepl means82

the atmospheric replenishment or loss timescale, and η is an efficiency factor in the order83

of unity. Eq. (5) is not intended to define a unique physical model. Rather, it can be84

used to set a threshold minimum value necessary for efficient tidal heating. All unknown85

geological and microphysical processes are stored in the η-parameter.86

The numerical value of the latent heat is estimated to be Lsub = (2−6) ·105 J/kg based87

on [6, 7]. These values are used only for an order-of-magnitude energy budget estimation.88

The actual value depends on the vapor-pressure law, surface temperature, and ice mixing89

state.90

The mass loss rate is given by91

Ṁatm =
Matm

τrepl
(6)

Therefore, if we take 100 and 1000 years for the replenishment time, we get from Eq. (4)92

that93

Ṁatm ≃ (2− 143) kg s−1 (7)

Substituting these numerical values, we have94

Lrep ≃
1

η
· (0.4− 86) MW. (8)

2.2 Power demand for cryovolcanism95

Here we investigate how big heating power is a plausible threshold for atmosphere-supplying96

cryovolcanism on 2002 XV93. The total cryovolcanic heat budget may be larger than Lrep,97

as heat must also be transported through the crust. A simple conductive estimate is98

Ėcond ≃ 4πR2
af keff

Tm − Ta

d
, (9)

where f is the fraction of the surface involved in the activity, keff is the effective thermal99

conductivity of the crust, Tm is the melting temperature, Ta is the main body surface100
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Table 1: Adopted and explored parameters for the order-of-magnitude tidal-heating
calculation.

Quantity Symbol Explored range Comment
Primary radius Ra 255 km From Arimatsu et al. [1].
Primary density ρa 0.5-1.5 g cm−3 Plausible icy-body range.
Satellite density ρs 0.5-1.5 g cm−3 Set equal to ρa.
Surface pressure Pa 100-200 nbar Reported atmospheric

pressure scale by [1].
Satellite diameter Ds 10-100 km Grid on: 10, 25, 32, 50, 63, 100 km
Scaled semimajor axis a/Ra ≤ 15 –
Eccentricity e 0–1 –
Tidal response k2/Q 10−4 Poorly known for cold,

small icy bodies.
Required power Lrep variable MW to tens-of-MW scale

in the fiducial estimate.

temperature, and d is the depth of the volatile reservoir. A global liquid layer, f = 1,101

would require very large luminosity: for water ice with Tm ≃ 273K, Ta ≃ 45K, keff ≃102

2.5Wm−1 K−1, and d = 10–50 km [8, 9, 10, 11, 12, 13], Eq. (9) gives Ėcond ∼ 10 - 50103

GW. In contrast, ammonia-rich or otherwise antifreeze crusts may remain mobile at104

substantially lower temperatures, Tm ≃ 176K, and a porous regolith can reduce the105

effective conductivity to keff ∼ 0.1 - 0.5Wm−1 K−1 [8, 9, 10, 11, 12, 13]. In this case,106

localized activity over only f ∼ 10−3 of the surface gives conductive losses of order 0.4 - 5107

MW, comparable to the atmospheric replenishment requirement.108

The small surface gravity of 2002 XV93 makes the mechanical requirement for volatile109

escape relatively modest. A reservoir at depth d must overcome a pressure of order110

∆P > ρl · ga · d+ σt + Pa (10)

where ρl is the density of the liquid and σt is the tensile strength of the fractured crust. The111

atmospheric pressure term is negligible, since Pa ≃ 0.01 - 0.02 Pa. For ρl ≃ 1000 kgm−3
112

and ga ≃ 0.11 m s−2, the lithostatic term is only113

ρl g d ≃ 0.11MPa

(

d

1 km

)

. (11)

What amount of power is needed to move the matter over the crust of the asteroid? To114

estimate this quantity, we recall that the mechanical work of the gas is dW = ∆PdV115

and the volume element is dV = ρldM . Since we want to equalize the outgassing from116

the asteroid to be equal to the mass loss, we get that the power needed to drive the117

crust-crossing is118

Pcrust−crossing = 0.11MPa×

(

d

1km

)

Ṁatm

ρl
(12)

This parametrization yields Pcrust−crossing ≃ 0.01-0.03 MW for d = 1 km and 1-3 MW for119

d=100 km, depending on the density of the crust and the atmossphere loss. Summing up120

the upper limits of the requirements for the volatilization for the replenishment and the121

crust-crossing, we have 8 MW for the cut-off value. taking into account other unknown122

or less precise values, we set a more conservative 10 MW power demand limit (cf. e.g.123

[4, 14, 13]). This is also in agreement with the ranges in the previous section if we assume124

that the atmosphere is closer to the smaller mass loss rate regime.125
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2.3 Tidal heating by an unseen satellite126

We consider a satellite of mass ms whose orbit has a semimajor axis of a and an eccentricity127

of e. In the constant-phase-lag approximation, the eccentricity tide raised by the satellite128

on the primary dissipates power of129

Ėtide ≃
21

2

k2
Q

Gm2
sR

5ne2

a6
, (13)

where n = 2π/P is the satellite mean motion (P is its orbital period), k2 is the second-order130

Love number of the asteroid and Q is its tidal quality factor [5, 15]. The mean motion is131

obtained from Kepler’s 3rd law as132

n =

[

G(Ma +ms)

a3

]1/2

. (14)

The mass of the satellite is obtained from its diameter Ds and its mean bulk density ρs as133

ms =
π

6
ρsD

3
s (15)

Substituting equations (14) and (15) into equation (13) we got134

Ėtide ∝
k2
Q

ρ2s ρ1/2a D6
s R−1

a e2
(

a

Ra

)

−15/2

. (16)

One can see that the tidal heating mechanism is highly sensitive to the size of the satellite135

and to the asteroid-satellite separation.136

2.4 Roche limit and periapse safety137

The tidal disruption phenomenon limits the range of close orbits as follows. The classical138

Roche limit is given by139

aRoche = CRocheR

(

ρa
ρs

)1/3

, (17)

where CRoche = 2.44 is valid for the case of a fluid satellite, and CRoche = 1.26 for a rigid140

body [15]. We note that a less deformable body could survive closer to the primary.141

When looking for plausible satellite orbits, we consider a cut-off limit. The nominal142

Roche limit for the perigee sets143

a(1− e) > aRoche. (18)

3 Results and discussion144

We compute Ėtid on a grid in satellite diameter, semimajor axis, and eccentricity. The145

explored diameters are Ds = 10, 25, 32, 50, 63, and 100 km. We note that the upper146

limit of 100 km is not a physical barrier, but an observational one, as larger equal-albedo147

companions would contribute a non-negligible fraction of the unresolved system flux and148

would be increasingly difficult to hide from photometric, astrometric, or high-angular-149

resolution constraints. The scaled semimajor axis runs up to 15 Ra. Eccentricity limits are150
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Figure 1: Scaled semi-major axis a/Ra vs eccentricity e for illustrating the tidal heating
efficiency in asteroid 2002 XV93 assuming different moon sizes. Panels stand for Ds =10 km
(panel a), 25 km (panel b), 32 km (panel c), 50 km (panel d), 63 km (panel e), and 100 km
(panel f), respectively. Yellow regions correspond to an orbital parameter space where the
pericenter of the orbit falls below the radius of the TNO. Regions where tidal heating
does not reach a luminosity of 10 MW are shown in orange. Moons located in the green
regions have a physically possible orbital configuration and can drive tidal heating capable
of supporting an atmosphere on the main body. The Roche limit is denoted by black
dashed lines in both the fluid and the rigid approximation. Models assume k2/Q = 10−4

and ρa = ρs = 1 g cm−3.
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Table 2: Qualitative outcome of the tidal-heating grid.

Satellite diameter Periapse-safe cut, a(1− e) > aR
10 km No viable solutions in the fiducial model.
25 km Generally insufficient.
32 km Mostly eliminated unless assumptions are optimistic.
50 km May remain viable in part of the parameter space.
63 km First robust periapse-safe solutions in the fiducial estimate.
100 km Viable over a substantial part of the close-orbit parameter space.

0 and 1. At each grid point, we compare the dissipated power with the adopted threshold151

Lrep,152

Ėtide ≥ Lrep = 10MW. (19)

Grid points satisfying Eq. (19) are classified as viable. The results are shown in Figure 1.153

In the fiducial calculation, all satellites below 25 km diameter are too small to provide154

the required power at any eccentricity value, or they must orbit the asteroid within the155

Roche-limit (panels a and b of Figure 1) The first viable solutions appear at a satellite156

diameter of 32 km, but they are confined to close, moderately eccentric orbits near the157

rigid Roche limit (panel c). For a satellite to orbit outside the fluid Roche limit, its158

diameter must be ≳ 50 km and its eccentricity must be ≃ 0.2± 0.1 (panel d). More robust159

and plausible solutions occur for 60–100 km-class satellites (panels e and f). Even in these160

most robust cases, the satellite must not orbit farther than ≃ 8Ra and its eccentricity161

needs to sit below ≃ 0.65. As such, we establish a minimum satellite diameter of≃60 km162

to sustain an atmosphere of 100 nb on asteroid 2002 XV93 via tidally driven cryovolcanism.163

Note that this value still depends on the adopted tidal response and volatile efficiency164

(k2/Q, η values).165

Overall, calculations show that satellite-driven tidal heating can drive cryovolcanism166

on 2002 XV93 even at relatively small eccentricities (e = 0.1...0.2) in the case of 32-100167

km diameter satellites. A distant, circular, or very small satellite would be dynamically168

interesting but energetically irrelevant.169

4 Detectability of the satellite companion170

A satellite capable of producing measurable tidal heating is likely to reside on a close-in171

orbit and may be intrinsically faint. At the heliocentric distance of 2002 XV93, even a172

50–100 km companion could therefore be difficult to detect directly. Nevertheless, several173

complementary observational approaches may provide useful constraints.174

Figure 1 suggests that larger moons that produce tidal heating on this asteroid are175

closer to the minor planet than ≃ 8Ra (this in accordance with the results of [28]). Using176

the rewritten form of Kepler’s third law [20]:177

P 2
s =

3π

Gρa

(

1 + ρs
ρa

(

Rs

Ra

)3
)

(

a

Ra

)3

. (20)

Assuming the same 0.5 g cm−3 density for both asteroid and satellite, a/Ra = 10, and178

50 and 255 km radii for the satellite and the asteroid, respectively, we obtain that the179
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satellite’s orbital period around the asteroid is Ps ≈ 6 days. Note that for a/Ra = 3 the180

period is 1 day.181

Direct imaging is challenging, but not necessarily out of reach (cf. [16]). For a/Ra = 20,182

the projected angular separation is only ∼ 0.15 arcsec, while the expected satellite–183

primary contrast is at most ∼ 3.5 mag in the optical for the largest assumed satellite size.184

Such separations and contrasts are most plausibly accessible with high-angular-resolution185

facilities, including JWST, HST, or large ground-based telescopes equipped with adaptive186

optics, such as Keck or the VLT.187

Long-baseline astrometry provides another possible way to search for the satellite [19].188

A satellite may also produce mutual occultation events with the primary, which could189

in principle be detected photometrically [16, 22]. We estimate that the geometric transit190

probability is relatively high, ranging from 5–60% depending on the scaled semi-major axis191

(see Tab. 3). The expected transit depths, corresponding to events in which the satellite192

occults the primary, are listed in (Tab. 4). Emphasise that the feasibility of this method193

is limited by the faintness of 2002 XV93. For comparison, TESS has detected a 0.21%194

transit around a V = 10 mag star [21], whereas 2002 XV93 is typically only V ≃ 20.5 mag.195

Detecting comparable events for 2002 XV93 would therefore require substantially greater196

collecting area and photometric precision than are available from current wide-field space197

photometry missions.198

The reflected-light modulation of the satellite may be as small as ∼ 1 mmag if its199

surface is homogeneous. In the extreme case of a strong hemispheric albedo asymmetry,200

however, the amplitude could reach ∼ 4%. Such a signal would still be challenging to201

detect for a V ≃ 20 mag object. Still, the relatively long orbital period of the satellite, of202

order 1-10 days, would allow long integrations and phase-binned photometry.203

Stellar occultations may nevertheless remain the most promising approach (see, e.g.,204

[17, 18]). Future occultation campaigns could search not only for the main atmospheric205

light-curve signature, but also for short secondary events occurring before or after the206

primary occultation. Because the satellite orbital period is relatively long, a favourable207

projected configuration would be required for any individual ground-based occultation.208

Repeated occultation campaigns would therefore be important, as they increase the209

probability of sampling the satellite close to conjunction with the primary on the sky.210

Multi-chord occultations are especially valuable because they constrain the projected211

event geometry and can help distinguish atmospheric refraction from timing anomalies212

caused by a companion. Repeated occultations are therefore crucial for discriminating213

between the proposed scenarios.214

Regarding the lifetime of the atmosphere, the impact and satellite-driven scenarios215

make distinct predictions for future observations. In the impact scenario, the atmosphere216

is expected to be transient: after a recent collision, the pressure should decline as volatile217

material escapes, recondenses, or is photochemically processed. Satellite-driven heating, by218

contrast, could sustain recurrent or quasi-persistent atmospheric replenishment, provided219

that the orbital eccentricity of the system is maintained. The two models therefore predict220

different temporal evolution of the atmosphere.221

The two scenarios also differ dynamically. An impact origin does not require a surviving222

companion, whereas satellite-driven heating does. In the latter case, the atmosphere would223

act as an indirect tracer of a previously unresolved binary or satellite system, providing a224

direct observational test of the mechanism.225
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Table 3: First-order geometric probabilities for mutual eclipses in a circular satellite
orbit around 2002 XV93. The values were computed as Pecl ≃ (Ra + Rs)/a, assuming
Ra = 255 km.

Geometric eclipse probability
Ds a = 2Ra a = 3Ra a = 5Ra a = 10Ra a = 20Ra

10 km 51.0% 34.0% 20.4% 10.2% 5.1%
25 km 52.5% 35.0% 21.0% 10.5% 5.2%
50 km 54.9% 36.6% 22.0% 11.0% 5.5%
100 km 59.8% 39.9% 23.9% 12.0% 6.0%

Table 4: Expected depths of secondary mutual events, when the satellite is hidden behind
2002 XV93 or enters its shadow. The calculation assumes equal geometric albedos for the
primary and the satellite, so that Fmoon/FTNO ≃ (Dmoon/DTNO)

2, with DTNO = 510 km.

Ds Fmoon/FTNO Relative depth δsec Depth
10 km 3.84× 10−4 0.038% 0.42 mmag
25 km 2.40× 10−3 0.240% 2.61 mmag
50 km 9.61× 10−3 0.952% 10.4 mmag
100 km 3.84× 10−2 3.70% 41.0 mmag

5 Caveats226

Our model exhibits several caveats. First, as noted before, k2/Q is poorly known for a227

cold, small, porous, possibly differentiated trans-Neptunian body. The tidal response may228

differ by orders of magnitude from our assumed value.229

Second, tidal forces lead to tidal decay and circularization of the orbit (decreasing a230

and loss of eccentricity). In an isolated, doubly synchronous primary–satellite system, the231

characteristic damping time is [15]:232

τe =
1

e

de

dt
≃

[

21

2
n

(

k2,p
Qp

ms

M

(

R

a

)5

+
k2,s
Qs

M

ms

(rs
a

)5

)]

−1

. (21)

For the close, energetically relevant satellite orbits considered here, this gives a typical233

eccentricity-damping time scale of order 104 – 106 yr, depending mainly on the poorly234

known tidal factors k2,p, k2,s, Q. The semimajor-axis evolution is given by [15] as:235

τa =
a

|ȧ|
=

1− e2

2e2
τe, (22)

which gives orbital-decay timescales roughly one to two orders of magnitude longer than236

τe. Thus, in the absence of additional perturbations, resonances, or a recent excitation237

event, tidal heating at the ∼ 10 MW level would be transient rather than sustainable over238

Gyr timescales. We emphasise that in this case, if the moon was captured by the main239

body, the capture event must have happened within the τe timescale.240

The eccentricity of a tidally heated satellite could be maintained by additional compan-241

ions, as in resonant satellite systems (e.g. [15]). In the absence of eccentricity excitation,242

tidal dissipation would tend to circularize the orbit and reduce the heating rate. Several243

possibilities, therefore, remain open. First, 2002 XV93 may host more than one satellite.244
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Second, the satellite eccentricity may have been excited by a recent close encounter or245

impact event. Third, the satellite responsible for the tidal heating may have been captured246

only recently, within the last few Myr or even the last few 104 yr, depending on the tidal247

parameters and rheology of the primary. At present, we cannot distinguish between these248

scenarios. In all cases, however, the satellite-driven interpretation would point to recent or249

ongoing dynamical activity in the outer Solar System.250

The sense of a satellite’s orbit relative to the primary’s spin fundamentally controls its251

tidal fate: a prograde moon migrates outward once its orbit circularizes and it lies beyond252

the (eccentricity-dependent) corotation distance, whereas a retrograde moon decelerates253

both the primary’s spin and its own motion and decays inward irrespective of eccentricity254

[27]. For a hypothesized companion of 2002 XV93, this distinction bears directly on255

survival: retrograde satellites within a few tens of primary radii are expected to spiral in256

and be lost over the age of the Solar System for plausible dissipation factors [28, 29], so a257

surviving close-in moon capable of driving tidal heating would most plausibly be prograde.258

We also call the attention to the scenario that a retrograde - and hence likely captured259

- satellite has fast enough tidal decay time that it can be the impactor itself. A prograde260

satellite if it rotates (rotated) slowly can be the impactor as well. In such cases the tidal261

decay time is still in the order of a million year so if a moon was the impactor, then its262

impact caused or extended the already existing atmosphere.263

As a third caveat, 2002 XV93 must have an internal structure that allows tidal heat to264

access volatile-rich material - a structure that we are as of yet unable to map precisely. Since265

tidal dissipation is generally expected to occur outside the core, cryovolcanism requires266

that the heating be generated within, or efficiently transported to, a volatile-bearing layer.267

As a final note regarding caveats, the Roche limit used here is approximate. Real,268

small satellites usually have irregular shapes, high porosity, and spin states that alter the269

disruption boundary.270

These uncertainties do not affect our main conclusion: satellite-driven tidal heating271

occupies a restricted, but still reasonably broad and observationally accessible region of272

parameter space. It therefore provides both a plausible explanation for the atmosphere of273

2002 XV93 and a testable hypothesis. The same observational tests can also help distinguish274

between the impact and satellite-driven scenarios for the origin of the atmosphere of the275

TNO 2002 XV93.276

6 Conclusions277

The atmosphere detected around 2002 XV93 requires a recent or ongoing source of volatile278

replenishment. While cryovolcanism and a recent impact have both been proposed as279

possible origins [1], we argue that cryovolcanism could be sustained by a satellite on a280

close, eccentric orbit. In this scenario, tidal dissipation provides an external dynamical281

heat source, linking the atmosphere directly to the architecture of an unresolved satellite282

system. The resulting atmosphere could persist for kyr–Myr timescales, unlike the short-283

lived atmosphere expected from an isolated impact or episodic outgassing event. The284

satellite-driven interpretation is therefore not only a plausible source mechanism, but also285

a testable hypothesis: monitoring the atmosphere and searching for a companion provide286

complementary ways to distinguish between the proposed scenarios. Our conclusions are287

the following.288

1. Because tidal heating scales steeply with satellite size, Ėtide ∝ D6
s , 10–25 km satellites289
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are unlikely to maintain the atmosphere of 2002 XV93 unless they orbit very close to290

the Roche limit.291

2. Viable solutions first emerge for satellite diameters of order 30 km near the Roche292

boundary. More conservative, periapse-safe solutions require larger companions,293

typically 50–100 km in diameter.294

3. A key prediction of this scenario is the presence of a close companion. This makes295

the model testable through high-resolution imaging, repeated stellar occultations,296

and time-resolved photometry. The geometric probability of the eclipse is ≳10%,297

while the relative depth of an occultation is estimated to be around ≳10 mmag.298

4. The required eccentricity is expected to damp rapidly, with circularization timescales299

of only 104 − 106 yr depending on tidal parameters and the rheology of the primary.300

Sustaining the tidal heating scenario, therefore, points to recent or ongoing dynamical301

activity, such as perturbations from an additional satellite, excitation by a passing302

body or impactor, or, most probably, a recent capture of the satellite.303

Searching for a 30–100 km-class satellite around 2002 XV93 is therefore as important304

as monitoring the atmosphere itself. If such a companion is found, it would not only305

provide a plausible energy source for satellite-powered cryovolcanism, but would also306

identify 2002 XV93 as a dynamically informative trans-Neptunian binary system [16, 23].307

If the companion orbit is eccentric, the short circularization time inferred here would308

further point to recent eccentricity excitation or to an additional mechanism maintaining309

eccentricity in the present trans-Neptunian dynamical environment [23, 24, 25, 26].310
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