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Abstract

We study the feasibility of natural and directed panspermia in interstellar objects (ISOs) like
3I/ATLAS. The paper is organized around two questions. First, could natural panspermia occur
if microbes or biomolecules survived inside shielded ice and were later exposed during per-
ihelion and outbound activity? Second, could directed panspermia occur if a technological
civilization planted life-bearing material inside an interstellar iceberg so that it later transported
life through the Milky Way?

We combine data on 3I/ATLAS with thermal, biological, and mission constraints. SPHEREx
provided the volatile and organic context through CO2, HoO, CO, dust, and a broad C-H fea-
ture, while JWST/MIRI provided the first direct CH4 detection in an interstellar object and
confirmed an unusual volatile inventory, including enhanced CO2:H>O and CH4:H>O ratios.
We distinguish dormant interstellar cruise from active perihelion.

Natural panspermia is plausible as microbes can survive or repair damage in ice films, veins,
or frozen matrices at very low metabolic rates. We show that frozen survival metabolism would
require an untenable amount of ~ 10'*~10"° kg of biomass to match the observed CH, produc-
tion rates, but active methanogenic archaea in warm, liquid, substrate-rich settings can produce
methane many orders of magnitude faster, reducing the required biomass down to ~ 10° kg.
A biomass of this low value could hypothetically be accommodated by the mass budget of
3I/ATLAS, and revived by sunlight warming near perihelion. Directed panspermia faces a dif-
ferent challenge: a direct 60 km s~ * impact releases 1.8 x 10° J kg~ *, several hundred times
the specific energy of explosives, and would destroy a biological sample.

In summary, natural panspermia requires preservation and a credible liquid-water or near-
surface activation pathway. Directed panspermia requires gentle emplacement, shielding, and
payload thermal control.
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Introduction

The discovery of large interstellar objects (ISOs) has turned panspermia from a purely hypothet-
ical idea into a question that can be constrained by observations, thermal physics, and mission
design (Ginsburg et al.l 2018} Jewitt & Seligman, 2023). 1I/°*Oumuamua demonstrated that
solid bodies from other planetary systems pass through the Solar System (Meech et al., 2017).
21/Borisov showed a more familiar comet-like case (Guzik et al., [2020). 3I/ATLAS is partic-
ularly interesting in this context because it is an active, volatile-rich ISO with observed COq,
H>0, CO, refractory dust, organic C—H emission, and a direct post-perihelion CH, detection
by JWST/MIRI (Belyakov et al., 2026).

This paper studies whether interstellar objects like 3I/ATLAS can participate in panspermia
(Lingam & Loeb} 2018). We split that question into two parts. The first is natural panspermia:
could microbes or biomolecules have survived inside a shielded icy ISO for interstellar travel
times, and could methane production during the active perihelion/outbound phase include any
contribution from microbial activity? The second is directed panspermia: could a technological
civilization deliberately place a life-bearing capsule or biological payload into an icy ISO when
it passes near a star, allowing the object to transport life through the Galaxy? The latter is a
version of directed panspermia in the sense of deliberate biological seeding (Crick & Orgell
1973).

Detection rates and impactor calculations are useful only insofar as they constrain pansper-
mia prospects. The central issue is whether the thermal, chemical, and dynamical environment
permits survival, revival, or deliberate emplacement of life-bearing material.

The distinction between dormant cruise and active perihelion is essential. A dormant ISO in
interstellar space can have a cold surface controlled by the interstellar environment. Near perihe-
lion, however, 3I/ATLAS is not a cold body: solar heating drives sublimation, coma formation,
dust release, and exposure of deeper volatile reservoirs. Panspermia scenarios require long-
term frozen survival, short-lived near-surface liquid films, a sustained liquid-water interior, or
an engineered capsule.
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3I/ATLAS-like
icy ISO

whether their abundance, timing, isotopic composition, spatial
distribution, and association with organics are inconsistent with
abiotic volatile release. The panspermia potential of 3I/ATLAS
is therefore not that methane proves life. Rather, it supplies a
concrete set of diagnostics: volatile timing, spatial morphology,

Natural Directed . . . . ", L
- . . isotopic ratios, organic composition, chirality, and whether organ-
panspermia panspermia . . . . . ’
ics are associated with dust grains, icy grains, or gas released
directly from the nucleus.
Shleld?d,survwal gentle payload Table 1. JWST/MIRI volatile measurements relevant to the panspermia
in ice emplacement . . . o
interpretation. The ratios make 3I/ATLAS a useful biosignature test case,
but not evidence for biology by themselves.
Quantity Dec. 15-16, 2.20 AU | Dec. 27, 2.54 AU | Why it matters
CHy, organics, thermal control, QcHa 4.2 x 10?6 s~1 2.3 x 10?6 s—! Methane biomass test
liquid-water budget shielding, cruise Qcoz2/Qu20  2.3040.03 5.16 £0.13  COx-rich relative to typical comets
Qcra/Qu20 11.0 £ 0.5% 21.6 1.3% CHy enriched relative to water

Fig. 1. Conceptual split considered in this paper. The feasibility of atural
panspermia depends on whether an ISO can preserve cells or biomolecules and
later expose them during perihelion or outbound activity. Directed panspermia
depends on whether a payload can be positioned gently and then use the ISO
as shielding and interstellar transport.

3I/ATLAS as the observational test case

3I/ATLAS provides the observational motivation for this study.
Pre-perihelion SPHEREX observations showed a COs-rich coma
with water ice/water gas and limited or tentative CO. Post-
perihelion SPHEREx observations showed stronger HoO, CO,
CO2, CN, refractory dust, and a broad organic C-H feature at
3.2-3.6 um (Lisse et al., [2026). The SPHEREX space observa-
tory detected a broad C—H organic feature, not a unique isolated
methane line. JWST/MIRI later reported the first direct CHy
detection on an ISO, with Qcpa ~ 4.2 x 1026 molecules s~! on
2025 December 15-16 at 2.20 AU and 2.3 x 102% molecules s !
on 2025 December 27 at 2.54 AU (Belyakov et al.,|2026).

JWST’s detection of methane for the first time on an interstellar
iceberg, found CHy4 surprisingly high relative to water, confirmed
that the object remained unusually CO»-rich relative to water, and
observed water production declining fastest as the comet moved
outbound from the Sun, making 3I/ATLAS a useful panspermia
test case (Belyakov et all 2026). In the preferred nonbiologi-
cal interpretation, delayed methane is consistent with CH, buried
below the processed surface and released only after solar heating
reached deeper icy layers.

The timing of the volatile evaporation matters. CO2 activity
appearing early can be explained if COg-rich surface or near-
surface layers, CO3-bearing grains, or mixed volatile phases were
already accessible before perihelion. Methane is more volatile
than COq, so a delayed CH4 detection may seem surprising, but
it does not require biology. Possible abiotic explanations include
depletion of surface methane by earlier heating or cosmic-ray pro-
cessing, burial below a processed mantle, trapping in clathrates or
mixed ices, diffusion barriers in porous ice, production from irra-
diated organics, or exposure of fresher subsurface material after
perihelion. However, this explanation is challenged by the early
CO detection even though the volatility of CO is somewhat lower
than CHy.

Although CH,4 and COs are biologically relevant molecules,
their detection alone is not a biosignature. The relevant test is

Natural panspermia
Survival in protective ice films and shielding

Microbes can survive freezing under terrestrial conditions, but sur-
vival is not the same as growth. The relevant natural-panspermia
picture involves a protected cell or biomolecule embedded in ice,
dust, or a shielded pore, not an exposed organism on the surface.
Rohde and Price modeled diffusion-controlled metabolism for
isolated microorganisms trapped in ice crystals, where nanometer-
scale liquid films and diffusion of small molecules can support
repair-level metabolism rather than reproduction (Rohde & Pricel
2007). Related work on Greenland ice connected excess methane
to microbial activity at low metabolic rates (Tung et al., [2005).
Laboratory experiments show that bacteria can incorporate DNA
and protein precursors at —15°C (Christner et al., |2002), and
Psychrobacter arcticus can repair radiation-induced DNA double-
strand breaks at —15°C without net growth (Dieser et al., [2013)).
These results support the possibility that icy material can pre-
serve dormant or slowly repairing cells. They do not imply that
a large active biosphere exists inside every icy body. Long-term
survival and transfer require shielding from radiation, a tolerable
chemical environment, and enough trace energy and reactants to
repair molecular damage, as emphasized in lithopanspermia stud-
ies of viable microbial transfer (Mileikowsky et al., 2000). Revival
or growth requires more: liquid water, chemical energy, nutrients,
and enough time at a temperature compatible with metabolism.

Does sunlight revive frozen microbes?

If microbes are frozen inside an interstellar iceberg and later
exposed to sunlight, heating alone is not sufficient for revival.
A dormant cell is not revived simply by reaching a warmer tem-
perature; it must have liquid water and chemical resources. Solar
heating near perihelion can warm the surface and shallow sub-
surface, drive sublimation, liberate icy grains, and perhaps create
transient thin films or brines in favorable local microenviron-
ments. It does not automatically create a sustained liquid-water
interior.

The 10 K temperature floor used for dormant interstellar cruise
does not apply to the sunlit surface of 3[/ATLAS near perihelion.



At the perihelion distance r ~ 1.36 AU, the blackbody equilib-
rium temperature is Tpp =~ 239 K, before corrections for albedo,
rotation, thermal inertia, sublimation cooling, and local geometry.
Subsolar surface temperatures can be higher, while sublimation
can buffer icy surfaces.

Standard comet models generally find that solar heating
strongly affects only shallow layers, often centimeters to meters,
while the deeper nucleus remains insulated over a single perihe-
lion passage (Prialnik et al.,2004). Significant interior liquid water
requires additional conditions such as sufficient size, low thermal
conductivity, salts, permeability, or earlier heating by short-lived
radionuclides (Fellows et al., 2020). Therefore, the conservative
natural-panspermia scenario does not involve a warm living ocean
inside 3I/ATLAS today but rather the release of preserved cells,
fragments, or biomolecules from shielded ice during solar-driven
activity.

Could methanogens produce the methane?

Methane is biologically produced on Earth. Strictly speaking, the
strongest methane producers are not bacteria but methanogenic
archaea. They can produce CHy through pathways such as COy +
4Hs —CHy + 2H50, acetoclastic methanogenesis, or methy-
lotrophic methanogenesis. The JWST/MIRI methane rates used
below were measured after perihelion, on 2025 December 15-16
and December 27, when 3I/ATLAS was already outbound rather
than at closest approach. The relevant question is quantitative:
how much biological material would be needed under frozen-
survival conditions versus active, substrate-rich methanogenesis?

Using the typical survival-metabolism estimate of 1,900 CHy4
molecules cell =% yr=! at —10°C, the required number of cells is

Neoy = 2omsllyr) (1)
1,900

This estimate is linearly sensitive to the assumed temperature-
dependent per-cell rate. If the actual survival metabolism rate is
fr times the PNAS value, then No and the inferred biomass
are both reduced by f ! The active-methanogenesis cases below
therefore bracket the opposite, warm-liquid limit rather than a
small correction to the frozen —10°C survival rate. For the
JWST/MIRI methane rates this implies Ncejj ~ 1030-103!. With
a typical cell mass of 38 fg, the corresponding biomass is ~ 104—
10'° kg (Table . This is the conservative frozen-survival limit,
not the maximum possible biological methane rate.

The opposite limit is active methanogenesis in a warm, liq-
uid, chemically supplied environment. Laboratory and bioreactor
studies report much higher rates. For example, Methanosarcina
acetivorans growing on methanol has a measured CHy secretion
rate of 22 mmol gDWf1 h~?! (Benedict et al.,[2012); Methanocal-
dococcus jannaschii under high-Hy conditions reaches 496 + 21
fmol cell~! h~! (Topcuoglu et al.| [2019); and Methanobacterium
congolense provides a mesophilic hydrogenotrophic benchmark
of order tens of fmol cell™* d—! under CO,-limited conditions
(Chen et al.;,|2019). These rates show that biological methane pro-
duction is conceivable in principle if an ISO contains warm liquid
microenvironments, abundant Ho/CO2 or methylated substrates,
nutrients, and enough active biomass. They do not follow from
dormant ice survival alone. This may reduce the required biomass
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down to ~ 10° kg. A biomass of this low calue could hypothet-
ically be accommodated by the mass budget of 3I/ATLAS, and
revived by sunlight warming near perihelion. A biomass of this
low value could hypothetically be accommodated by the mass
budget of 3I/ATLAS (Thoss et al.|2026), and revived by sunlight
warming near perihelion.

Even if the free energy of methanogenesis is taken as ~ 134 kJ
mol~! CHy, the observed methane rate corresponds to an energy
scale of only ~ 108 W; the difficulty is supplying a habitat with
enough liquid water, redox reactants, nutrients, permeability, and
active biomass. The JWST/MIRI analysis favors an abiotic expla-
nation in which CH4 was depleted from outer layers and then
emerged from buried, less processed subsurface ice as the post-
perihelion thermal wave reached deeper material (Belyakov et
al.. [2026). The biological interpretation requires an active habitat
rather than only preserved frozen cells.

Table 2. Natural-panspermia methane budget under frozen-survival and
optimistic active-methanogenesis limits. Per-cell biomass estimates use 38
fg per cell only as an order-of-magnitude scale; gDW denotes grams dry
weight.

Case Rate assumption

Frozen ice survival 1900 cell ™! yr=t 7.0 x 10%° cells; 2.7 x 10 kg3.8 x 10%° cells; 1.5 x 10** kg
M. congolense active Hp/CO3 48.8 fmol cell ™! d~* 1.2 x 10%! cells; 4.7 x 107 kg 6.8 x 10? cells; 2.6 x 107 kg
M. jannaschii high-Ha 496 fmol cell ™* h= 5.1 x 108 cells; 1.9 x 10° kg 2.8 x 10'® cells; 1.1 x 10° kg
M. acetivorans on methanol 22 mmol gDW ! h~! 1.1 x 10° kg dry wt. 6.2 x 10* kg dry wt.

Dec. 15-16 requirement Dec. 27 requirement

In summary, microbes surviving in ice are plausible in princi-
ple, and active methanogens could in principle produce far more
methane than frozen repair metabolism. The natural-panspermia
result possibility implies that 3I/ATLAS-like objects could pre-
serve dormant biology or biomolecules in shielded ice, and
perihelion or outbound activity could release that material into
grains or gas. A biological contribution to the observed methane
is conceivable only with a much larger warm active habitat, a
high metabolic rate, and adequate reactants existed; repair-level
survival metabolism alone remains insufficient.

Feasibility of Directed Panspermia

Directed panspermia brings in a set of other considerations.
Instead of asking whether 3I/ATLAS naturally carried life, we
ask whether a technological project could deliberately plant life-
bearing material inside or onto an icy ISO like 3I/ATLAS when
it passes near a star, using the ISO as a long-lived interstellar car-
rier. The directed scenario is not simply delivery to one ISO; itis a
deliberate attempt to use the ISO population as carriers that could
seed planetary systems throughout the Milky Way.

Capsule deposition cannot be through a direct 60 km
s~ impact
The most important engineering constraint is impact speed. A
direct collision at 60 km s~ releases a kinetic energy per unit
mass of,
E
m

| S,

~ 1.8 x10° Jkg™ !, 2)

which is more than 400 times the specific energy of TNT, 4.2 X
105 T kg™!. At this speed, the collision produces shocks, melting,
vaporization, and plasma. NASA hypervelocity-impact guidance
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Table 3. Directed-panspermia feasibility gates for an ISO like 3I/ATLAS.

Requirement Implication

Direct 60 km s~ ! impact destroys payload

Thermal protection Payload heating/insulation is separate from ISO heating
Shielding Ice or porous material must reduce radiation damage
Liquid water after deliveryNeeded for revival, not for dormant transport
Long-term cruise Payload should return to a cold, low-metabolism state

Gentle emplacement

treats meteoroid impacts up to ~ 72 kms~! as a structural-

damage regime requiring specialized analysis rather than ordinary
penetration mechanics (Elfer, [1996). A biological capsule would
not be expected to survive direct impact with the nucleus.

Therefore, a directed-panspermia architecture must avoid a
hypervelocity impact of the biological payload. Possible concepts
include: matching the capsule’s relative velocity well enough for
gentle surface deposition, releasing a penetrator only after sub-
stantial relative-speed reduction, depositing material onto porous
ice or dust that later becomes buried, using a sacrificial impactor
only to expose fresh ice while a separate payload arrives later,
or planting material during a lower-relative-speed encounter with
a bound or temporarily captured object. A DART-style impactor
remains useful only if the impactor is sacrificial and the life-
bearing payload is dynamically separated from the impact (Cheng
et al.| |2023). A better biological-delivery architecture would be
closer to a low-relative-speed landing or touch-and-go operation,
analogous in spirit to OSIRIS-REx sampling of asteroid Bennu,
rather than to a destructive kinetic impact (Bierhaus et al.} 2018).

The scientific goal of this scenario is not to keep the entire
ISO warm, but rather use the ISO as radiation shielding, ther-
mal buffering, and interstellar transport after the object leaves
the planetary system. The payload could contain dormant spores,
cryopreserved cells, or prebiotic/biological material embedded in
an engineered matrix; Bacillus endospores are a standard refer-
ence case for resistance to extreme terrestrial and extraterrestrial
stresses (Nicholson et al} 2000). Success requires three separate
steps: delivery to the ISO without sterilizing shock, emplace-
ment into protected ice or porous material, and return to a cold
long-term cruise state after the active perihelion phase.

Thermal requirements for a biological payload

A directed payload launched by our space agnecies must preserve
viability before and after emplacement. For a spherical capsule
of radius R., projected area A, = wR?2, and emitting area A, =
47 R2, the heater power needed to hold temperature 7T is

So

Pheat = max |0, AgeoT* — Apa—2 , 3)
r

where € is emissivity, « is absorptivity, S is the solar constant,
and 7 is heliocentric distance in AU. For a 0.2 m capsule held near
283 K, the earlier engineering estimate gives ~ 11 W at 1 AU and
~ 150-165 W beyond 3 AU for a bare surface, or ~ 1 W at | AU
and ~ 9-10 W beyond 3 AU for a low-emissivity/low-absorptivity
insulated case.

This heater budget applies to the spacecraft or payload, not
to the ISO nucleus. A payload may be kept warm by onboard
power, radioisotope heater units, insulation, or mission timing;
NASA radioisotope heater units provide about one watt of heat

each (NASA| 2023)). This does not imply that the ISO interior is
habitable.

Shared Thermal Constraints for Natural and Directed
Panspermia

Dormant interstellar cruise

For a dormant ISO moving through the interstellar medium of
proton number density ny at a speed v, we treat the surface tem-
perature as an environmental boundary condition. Following the
collisional-heating estimate used by Hoang & Loeb| (2020), the
gas-heating temperature can be written as

T, ~ 273K (0 23_3)”4 (ﬁ)g“. )

For a typical ISO speed v = 30 km s~ ~ 10~%¢c and ny =
1 ecm ™3, this gives T, ~ 0.9 K. Even at v = 60 km s~ !, the
value remains low, at Ty, =~ 1.5 K. Thus, the dormant-cruise
surface boundary is represented as
T, = ma'X(THLv TCMB7 Tﬂoor)7 Thoor = 10 K7 ©)
where the floor temperature is dictated by heating through the
backgrounds of cosmic-rays and galactic starlight (Drainel, [2011).
Present-day radiogenic heating then enters only as an inte-
rior source. For uniform volumetric heating gyol = pgraq and
conductivity k,

T(r) =T, + 224 (g2 _42), ©6)
6k
For an ISO radius R = 100 m, present-day radiogenics raise the
center by only ~ 2 x 1073 K for granite-like rock and ~ 10~
K for an icy mix. A ~ 300 K center with a 10 K surface requires
a radius of order 40 km for granite-like present-day radiogenic
heating, and much larger for icy material.

Table 4. Radiogenic specific power used to test whether an ISO can main-
tain a warm interior during dormant cruise. These are the interior heat
source terms, ignoring warming by sunlight.

Material Specific power (W kg~ 1)
Granite-like rock 1.1 x107°
Igneous range 4.2 x 10711-3.6 x 107°
Pure H,O ice, tritium-limited 1.1 x 10716

Pure CO5 ice, 14C upper bound 1.6 x 10712

50/50 H,O/CO2 mix 8.0 x 10713
Granite / water ice ~ 107
Granite / 50/50 ice mix ~ 14 x10°

Active perihelion

Near perihelion, the dormant-cruise model is not the relevant sur-
face model. Solar heating can drive HoO, CO2, CO, and organic
release; entrained icy grains can carry volatile-rich material into
the coma; and newly exposed subsurface reservoirs can explain



Table 5. Center—surface temperature excess from present-day radiogen-
ics with surface temperature of T = 10 K. We consider two cases: (i)
Rocky material with a mass density p = 2650 kg m—3, head conduction
coefficient £ = 2.5 W m~! K—!, and heating rate of g,oq = 1.1 x 107°
W kg~1; (ii) lcy mix with p =900 kg m—3, k=0.5 W m~! K=, and
Graa = 8.0 x 10713 W kg~ 1.

R(m) |ATrock (K) | Atric:y (K)

50 4.9 x 1074 6.0 x 1077
100 1.9 x 1073 2.4 x 1076
1000 1.9 x 1071 2.4 x 104
104 1.9 x 101 2.4 x 1072
10° 1.9 x 103 2.4

delayed species such as methane. The panspermia question near
perihelion is therefore not whether the entire nucleus becomes
habitable, but whether activity revives preserved biological mate-
rial or creates short-lived microenvironments with liquid films or
brines.

Results organized by panspermia scenario
Natural panspermia results

The natural-panspermia case has three constraints. First, microbial
survival in ice is physically plausible at repair-level metabolism,
especially in liquid films, veins, or frozen matrices. Second,
revival or growth requires liquid water, nutrients, and energy;
solar heating near perihelion may help at shallow depths but
does not automatically create a sustained liquid-water interior.
Third, the post-perihelion methane budget depends strongly on
the assumed biological state. Frozen survival-level methanogen-
esis would require ~ 103°-103! cells and ~ 10'4-10'5 kg of
biomass, but active methanogenic archaea in warm, substrate-rich
liquid environments can produce methane many orders of mag-
nitude faster. Therefore, natural panspermia remains plausible as
preservation and release of dormant material, and a biological
contribution to methane is conceivable in principle, but only if
3I/ATLAS had active liquid-water niches with sufficient reactants
and biomass.

Directed panspermia results

The directed-panspermia case by humanity is limited by dynamics
and payload survival. A direct 60 km s~! capsule impact would
destroy or sterilize the payload. Directed seeding must instead use
gentle emplacement, a separated payload, or another low-relative-
speed architecture. Thermal control of a payload is plausible at
the watt-to-hundreds-of-watts scale depending on insulation and
heliocentric distance, but warming the payload is not the same
as warming the ISO nucleus. The mission challenge is therefore
to protect and emplace life-bearing material inside shielding ice
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or porous material, then let the ISO carry that protected payload
through interstellar space.

Mission opportunity constraints

Survey and reachability calculations remain relevant only because
a directed or diagnostic mission requires a target. Here ¢ denotes
the differential size-distribution index, dN/dD o D~%, where D
is object diameter. In the current ¢ = 2.5 pipeline run, motivated
by shallow asteroid-size distributions such as those discussed by
Bottke et al.| (2005), a Rubin/LSST-style 10 yr survey gives an
order-of-magnitude baseline of ~ 382 detections above 100 m
diameter after rescaling; the assumed wide-fast-deep survey scale
is motivated by the LSST reference design (Ivezic et al.l [2019).
Median 50% completeness distances are 3.0, 15.0, 30.3, and 136.6
AU for 100 m, 500 m, 1 km, and 5 km diameter thresholds. For
a 0.1 AU cross-path miss distance, the same run gives reach-
able fractions of ~ 7-20% for 2-4 km s~! lateral maneuvers
and > 95% for 12-15 km s~!. These numbers support mission
opportunity estimates, but they are secondary to the biological and
thermal feasibility constraints.

Table 6. Mission-opportunity numbers. Detection distances and counts use
the ¢ = 2.5 Rubin/LSST 10 yr survey baseline. Here ds, is the heliocentric
distance at which the detection completeness is 50%. Reachability uses a
0.1 AU cross-path miss distance.

Value

3.0 AU Warning distance for small ISOs
15.0 AU  Warning distance for Borisov-scale objects
30.3 AU  Warning distance for ATLAS-scale objects

Quantity Use in this paper

ds0 for 100 m objects
ds0 for 500 m objects
ds0 for 1 km objects

ds for 5 km objects 136.6 AU Rare large carrier targets
Detections >100 m 382.1 per 10 yr Target supply estimate

Reachable at 2—4 km s~ * 7-20% Low maneuver feasibility
Reachable at 12-15kms~! > 95% High maneuver feasibility

Detailed class-normalized counts are provided in the Appendix .

Limitations

This paper evaluated prospects, not proof of life in interstellar
objects. The methane analysis is an order-of-magnitude budget
and does not model spatially resolved coma chemistry, iso-
tope ratios, or all abiotic methane pathways. The microbial sur-
vival literature is terrestrial and cannot be transferred directly to
3I/ATLAS without assumptions about shielding, radiation dose,
salts, nutrients, and cell type.

The thermal model is split into limiting regimes. The dormant-
cruise calculation uses an environment-fixed surface and steady
conduction; it does not include porosity, gas transport, amorphous
ice, crystallization, brines, clathrate kinetics, or formation-era
heating in detail. The perihelion discussion is not a full ther-
mophysical model of 3I/ATLAS. Future detailed models should
incorporate the time-dependent solar heat penetration and possible
transient liquid films or brines for the observed perihelion distance
and activity history.

The directed-panspermia mission concept by our space
agencies is also preliminary. It identifies the fatal problem
with direct hypervelocity capsule impact, but it does not yet
design a complete low-relative-speed emplacement architecture,
contamination-control protocol, or long-term viability strategy.
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Conclusions

The prospects for panspermia via 3I/ATLAS-like ISOs are split
into natural and directed scenarios. Natural panspermia is plau-
sible as long-term preservation of cells or biomolecules inside
shielded ice. The observed methane production is too large to
be explained by frozen survival-level methanogenesis, but active
methanogenic archaea could in principle produce much more
methane if warm liquid habitats and suitable reactants existed.
The correct observational posture is therefore to treat methane and
organics as diagnostics, not as evidence for life.

Directed panspermia has different feasibility challenges. It may
be possible in principle to use an icy ISO as an interstellar car-
rier, but the biological payload cannot be delivered by a direct
60 km s~ ! impact. Any realistic architecture must place the pay-
load gently, analogous to the OSIRIS-REx touch-and-go sampling
of asteroid Bennu, preserve it thermally, and exploit the ISO as
shielding and transport rather than relying on the ISO to become
habitable (Bierhaus et al.| 2018)).

The main conclusion is that 3I/ATLAS-like objects are valu-
able because they make panspermia testable. Observations of
volatile timing, organics, methane, isotopes, chirality, and dust/ice
grains can constrain natural panspermia. Mission studies of gentle
emplacement and payload survival can enable directed pansper-
mia by our space agencies. These requirements separate dor-
mant interstellar cruise, active perihelion, and engineered payload
physics.

Acknowledgement This work was supported in part by the
Galileo Project and the Origins of Life Initiative at Harvard
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Appendix: Mission-Opportunity Details

As a supplement to the main text, we provide in this
Appendix the object-class number counts for 1I/‘Oumuamua-like,
21/Borisov-like, and 3I/ATLAS-like populations. The calculation
uses the empirical class densities and size bands as anchors:
11/*Oumuamua-like objects use 7 = 0.2 AU~ in the 100-200
m diameter band with v,e = 26 km s~!; 2I/Borisov-like objects
use n=0.03 AU in the 500-1000 m band with vy =
44 km s~'; and 3I/ATLAS-like objects use n = 0.01 AU™? in
the 1000—5000 m band with v,¢] = 60 km s~!. For each class we
infer the total density implied by the fraction of the ¢ = 2.5 size
distribution in that band, cap the total density at 0.1 AU3, and
then compute cumulative 10 yr detection counts below.
Class-normalized detection counts.

Class >100m I>500 m | >1 km [>5 km

11/*Oumuamua-like 1155.8 1056.3 980.2 652.8
21/Borisov-like 1956.0 1787.7 1658.8 1104.7
3I/ATLAS-like 2667.3  2437.7 2262.0 1506.4

Cross-path intercept: delta-v vs detection distance
600 - —e— v=60 km/s, shift=1.000 AU
v=60 km/s, shift=0.100 AU
—e— v=60 km/s, shift=0.010 AU
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Cross-path maneuver requirement versus detection distance. The
results constrain a directed-panspermia mission-opportunity by
humanity as they imply whether a spacecraft can reach the 1SO
path.
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