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ABSTRACT

Observations of the interstellar object 3[/ATLAS have revealed a strong production of gas and dust near perihelion, together with
rapid brightening. The outgassing from the nucleus has led to a detectable non-gravitational acceleration. In this work, we combine
models of the mass loss rate of water and carbon dioxide to derive the non-gravitational parameters and estimate the mass and size
of 3I/ATLAS. In addition, we take into account a conservative constraint on the nucleus size from the active surface area required
for sublimation. If the mass loss is dominated by the sublimation of CO,, then the nucleus radius and mass are R3; = 0.42 km and
M3 = 1.6 x 10" kg, assuming a density of p = 0.5 gcm™> and an asymmetry factor of ¢ = 0.5. This estimate is consistent with the
lower bound from the active surface and independently supported by the slight preference of the orbital fit for a ang(r) ~ 1/r* scaling of
the non-gravitational acceleration. Models that cover the range of reported water production near perihelion give R3; = 0.74 - 1.15km
and M3 = 8.5 — 32 x 10'! kg but require a cometary surface that is in tension with the estimate from the rocket effect. Therefore, our
results indicate that a large fraction of water sublimation is occurring in the coma and that CO, dominates sublimation on the surface.
The nucleus radius that we obtain is much smaller than a recent photometric estimate of R3; ~ 1.3 km, which could be resolved if CO,
production is larger than observed or if the density of 3I/ATLAS is significantly lower than assumed. An overall lighter nucleus of
3I/ATLAS might be favored based on its recently claimed origin from a metal-poor environment and the corresponding mass budget

of interstellar objects.
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1. Introduction

On July 1, 2025, the Asteroid Terrestrial-impact Last Alert
System (ATLAS) discovered the object C/2025 N1, later re-
named to 3I/ATLAS. Follow-up and pre-discovery observa-
tions confirmed its hyperbolic orbit, with e = 6.14 and r, =~
1.356 AU (Farnocchial 2025b), verifying its interstellar origin.
Its velocity at infinity of ve, ~ 58.0kms~! is large in com-
parison to the other two known interstellar objects, 1/Oumua-
mua (Vo =~ 26.4km s~ [Farnocchial (2025¢)) and 2/Borisov
(veo ~ 32.3kms”', [Farnocchial (2025a)), although consistent
with expectations from theoretical models (Hopkins et al.[2025).

The coma of 3I/ATLAS dominates its overall brightness,
making it difficult to directly determine the size of the nucleus.
Using observations from the Hubble Space Telescope (HST),
Jewitt et al.| (2025) obtained an upper limit on the nucleus size
of R3; < 2.8km by fitting the surface brightness profile. They
also computed a lower limit of R3; > 0.22km based on the
surface area required to supply the observed dust production
rate through carbon monoxide sublimation. A complementary
work by [Scarmato| (2025) found R3; = 0.16 — 2.8 km using the
HST data and applying bicubic resampling. Recently, Hui et al.
(2026) have claimed a successful extraction of the nucleus with
HST, reporting an effective radius of R3; = 1.3 £ 0.2 km.

On its approach to perihelion, 3I/ATLAS has contin-
uously brightened, displaying increasing cometary activity

* Corresponding author: vthoss@mpe.mpg.de

Jewitt & Luul[2025)). Several studies have inferred the produc-
tion rates of water, carbon dioxide, carbon monoxide, and other
volatiles. The results suggest an initially carbon-dominated pro-
duction at a heliocentric distance r > 2 — 3 AU (Cordiner et al.
2025} Lisse et al.|2025a). Close to perihelion, a rapid brightening
of 3I/ATLAS, together with large rates of water production have
been reported (Zhang & Battams| 2026; |Crovisier et al.| 2025
Combi et al|2026). However, there is good evidence to suggest
that a significant part of the water sublimation is occurring from
icy grains in the coma instead of the nucleus (Cordiner et al.
2025; |Yang et al.| 2025} |Li et al.|[2026). In this work, we sum-
marize the observational results and use them to inform models
of the overall mass loss rate Mj3; of 3I/ATLAS. Due to momen-
tum conservation, the mass loss from the nucleus causes a non-
gravitational acceleration a,; = £ Mv/M. The magnitude of the
acceleration depends on the outflow velocity v of the gas or dust
as well as the degree of collimation . In this work, we model Ms;
based on the measured production rates and infer a,y from the
astrometric data published to the Minor Planet Center (MPC).

This paper is structured as follows: In Section [J] we dis-
cuss the observational data on the gas and dust production of
3I/ATLAS and how they inform our empirical models of the
mass loss rate. Section [3] explains how we compute the non-
gravitational acceleration based on these models. The methods
used to obtain the orbital fit of 3I/ATLAS are presented in Sec-
tion 4] followed by an analysis of the sensitivity of the non-
gravitational parameters to the weighting of the astrometric data
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in Section [} In Section [ we present our estimates for the mass
and size of 3I/ATLAS, discuss how they depend on our assump-
tions, and compare them to results from other work. We conclude
with a summary in Section 7]

2. Gas and dust production of 3I/ATLAS

Numerous observations of 3[/ATLAS have been conducted at
different stages of its trajectory through the solar system. Us-
ing spectroscopic measurements, production rates Q of various
molecules have been derived. In this section, we discuss the cur-
rently available data and how they guide our theoretical models
of the overall mass loss rate of 3I/ATLAS. Throughout this pa-
per, r denotes the heliocentric distance of 3I/ATLAS, while R
denotes its physical radius.

In Figure [} we compile all available data on the mass loss
rates M = mQ of H,0, CO,, and OH, with m being the respec-
tive mass of each molecule. The choice of these molecules is
based on the assumption that the sublimation of H,O and CO,
dominate the total emission of 3[/ATLAS, supported by current
data as we discuss below. Measurements of OH are included be-
cause they can serve as a proxy for the production rates of H,O,
with Qon ~ On,o.

Using the X-shooter instrument at the Very Large Telescope
(VLT), |Alvarez-Candal et al.| (2025)) obtain upper limits on the
production of OH at » = 4.4 AU corresponding to a 3¢~ limit of
Moy <23 kg s7h At r ~ 3.8 AU, Jewitt et al|(2025) estimate an
overall dust emission rate of Mg, ~ 1—-120kg s~ ' based on HST
observations. |Cordiner et al.|(2025) measure the production rate
of CO, and H,0O at r = 3.3 AU using the James Webb Space
Telescope (JWST), finding Mco, ~ 124kgs™' and an unusually
high ratio Qco,/Qu,0 ~ 7.6 (corresponding to Mco,/Mpu,0 ~
18.6) compared to comets in the solar system at the same r,
possibly due to cosmic ray processing (Maggiolo et al.| 2026).
This result is in agreement with the study of |Lisse et al.| (2025a)
(updated in |Lisse et al.| (2025b))) that finds comparable rates of
Qco, for r = 3.2 AU using SPHEREX. They derive an upper
limit on the water production rate, which confirms the high ra-
tio of Qco,/COH,o0 at a similar heliocentric distance. Both stud-
ies also measure the production rate of CO, with |Lisse et al.
(2025a) providing a 3-0 upper limit on Qco that translates to
Mco,/Mco > 5.3, while Cordiner et al.[(2025) report the detec-
tion of CO production with Mco,/Mco ~ 7.2. Other studies at
later times in the orbit of 3[/ATLAS confirm the strong domi-
nance of Qco, over QOco (Li et al.|[2026), and we therefore ne-
glect the contribution of CO to the total mass loss rate.

The measurements of (Lisse et al.| [2025a; |Cordiner et al.
2025) together with the estimate provided by Jewitt et al.[(2025))
are consistent with an overall mass loss rate of M ~ 100kgs™'
at r ~ 3 — 4AU and a carbon dioxide dominated coma. At
this time, no further measurements of the CO or CO, produc-
tion rate before perihelion have been published. [Belyakov et al.
(2026) and |Lisse et al.| (2026) report production rates of CO, at
r ~ 2 — 3 AU post-perihelion, from JWST and SPHEREXx obser-
vations, respectively. There is a discrepancy of around a factor of
3 between their values obtained in mid-December. Within these
uncertainties, the values measured post-perihelion are roughly
compatible with the CO, sublimation model of Sekaninal(1992),

r -1.95
Mco,(r) = 4.1kgs™ ( ) X
rco,

L5 8.55\"1.74
r r
xexp[—1.73( ) ](1 +( ) ) , (1)
rco, rco,
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with rco, = 20.2 AU from |Sekanina) (1992). The normalization
was obtained by a fit to the observational data and corresponds to
a peak value of Mco, ~ 770kgs™" at perihelion. The mass loss
rate from Equation 1| scales approximately as Mcoz(") ~ 1/
for r < 5AU because the sublimation rate is limited by the
energy from the solar radiation within the ice line. At larger
distances, the predicted sublimation rate drops much steeper
as a function of r as radiative losses dominate the energy bal-
ance. The modeled production rate of CO, is shown as a green
dashed line in Figure |1} Jewitt & Luu| (2025) find a power law
scaling between the heliocentric magnitude my of 3I/ATLAS
and the heliocentric distance r with a slope of n = 3.8 + 0.3
for r = 1.8 — 4.6 AU. As they note, this is consistent with a
production rate that scales as 1/r? for a dust-dominated coma.
Closer to perihelion (r = 1.35 — 2 AU), Zhang & Battams|(2026)
and |[Eubanks et al.| (2025a) find a much steeper brightening of
3I/ATLAS, suggesting surging gas emission.

Further measurements of the production rates of H,O
and OH pre-perihelion have been conducted by [Xing et al.
(2025) (Swift Observatory), |[Hutsemékers et al.| (2026) (VLT),
Crovisier et al.|(2025) (Nancay Radio Observatory), and|Li et al.
(2026)) (Purple Mountain Observatory). They are broadly consis-
tent with a steep increase in water production towards perihelion,
but there are significant discrepancies between the individual
measurements. Observations with larger apertures report higher
values of water production, demonstrated by [Li et al.| (2026).
This is indicative of an extended source of water production by
icy grains in the coma that dominates the large-aperture obser-
vations. This interpretation is also supported by (Cordiner et al.
(2025), who find an increase of water production as a function
of the observed area around the nucleus (up to R ~ 5000 km). In
addition, the spectroscopic analysis of | Yang et al.|(2025) reveals
absorption features consistent with a significant amount of water
ice in the coma.

Post-perihelion measurements of the water production rates
are carried out by [Combi et al.| (2026) and [Tan et al.| (2026)) us-
ing the Solar and Heliosphere Observatory (SOHO), [Lisse et al.
(2026) (SPHEREX) as well as |Belyakov et al.| (2026) (JWST).
In addition, Jehin et al.| (2025b) and Jehin et al.| (2025a) mea-
sure Qoy using TRAPPIST-North. As expected, the observa-
tions show a decreasing trend of the production rates. How-
ever, there is an unexplained discrepancy of almost an order of
magnitude between the values obtained by (Combi et al.| (2026)
and [Tan et al.| (2026) close to perihelion, both of which use
SOHO observations. The discrepancy decreases for later mea-
surements, when 3I/ATLAS was further away from the Sun.
Tan et al.|(2026) report a much shallower decrease in water pro-
duction rate in comparison to |Combi et al.| (2026). The water
production rate obtained by Belyakov et al.[(2026) on December
15 with the smaller aperture of JWST is lower by a factor of 3-
4 than the values which |Combi et al.| (2026)), [Lisse et al.| (2026),
and |Tan et al.| (2026)) obtain at a similar time. This is consistent
with an ongoing extended production of water in the coma after
perihelion.

Sublimation of water from icy grains in the coma has no
rocket effect on 3I/ATLAS. The previous emission of these
grains from the surface of the comet is unlikely to dominate the
rocket effect due to their small ejection velocities Vgrin < Vgas
as they are dragged from the surface by the gas (Ren et al.
2026). The grains will only contribute significantly to the non-
gravitational acceleration if Mein > Mg,s. This requires ei-
ther grains with a very small ice fraction or very low levels
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Fig. 1: Compilation of observational data on the mass loss rates M of H,O (blue), OH (orange) and CO, (green) for 3[/ATLAS.
Individual references are given in the text. The colored dashed lines show empirical models for the mass loss rate, defined in
Equations [T} 2} and[3] The solid pink and red curves display two models used in this work to describe the combined total emission
rate from water and carbon dioxide, given by Equations]and[5] The gray dotted line illustrates the model implicitly assumed in the

determination of the rocket effect by Hui et al.| (2026).

of gas sublimation from the surfaceﬂ Neither of these is sup-
ported by observations. Therefore, we should only account for
the sublimation of water from the surface of the object. By an-
alyzing the observational data and combining it with theoreti-
cal models, |Li et al.| (2026) find that the water production is ini-
tially strongly dominated by the sublimation in the coma, with
OH,0.nuc < OH,0.coma fOr r 2 2 AU, dropping to around equal-
ity, Om,0nuc ® OH,0.coma» at perihelion (although with very large
uncertainties).

The large divergence between the different observational
data makes it difficult to precisely assess the actual water produc-
tion from 3I/ATLAS, which is further complicated by the uncer-
tain fraction of sublimation in the coma. We therefore choose to
provide two separate models that describe an upper and a lower
limit of the water production rate according to the observations.
For the lower bound, we describe My, by a simple power law,
given by

-8.6
MHgO,low(r) =3x10° kg g1 (L) )

Tp

which fits reasonably well to the data from Hutsemékers et al.
(2026), (Crovisier et al.| (2025), Jehin et al.| (2025b), Jehin et al.
(20254), and Belyakov et al.| (2026).

To describe the larger production rates measured by
Cordiner et al.| (2025)), [Lisse et al.| (2025a), Xing et al.| (2025),
Li et al.| (2026)), (Combi et al.| (2026), and |[Lisse et al.| (2026), we
use a model based on Marsden et al.|(1973),

r -2.15 ’ 5.09\—4.61
My, ohign(r) = 2 x 10° kgs™ ( ) [1 + ( ) ) ’
H,0 H,0

3

! Note that in steady-state one has Mguin = Mi1,001,0,coma/ fice» Where
fice 18 the mass fraction of the grains that is water ice.

with ry,0 = 2.81 AU. The model predicts MH20 ~ 10* kg s at
perihelion and My,o > Mco, for r < 2.7 AU.

In both cases, the production rate of water exceeds that of
carbon dioxide close to perihelion. This could explain the steep
increase in magnitude observed for r < 2 AU, first noted by
Zhang & Battams| (2026). Post-perihelion, the decrease of the
magnitude of 3I/ATLAS with heliocentric distance has been
shallower. This is shown by [Tan et al.| (2026), who also claim
that the water production rate decreased more slowly post-
perihelion. However, due to the larger discrepancies between the
production rates reported by different observers, we choose not
to include an asymmetric model in this work. Furthermore, the
water production rates obtained by observations with small aper-
tures are reasonably well fitted by a symmetric power law (see
Figure [T). On the other hand, the discrepancy between the re-
ported production rates of carbon dioxide post-perihelion sug-
gests the possibility of a delayed or asymmetric mass loss rate.
In the future, with more available data, this could be a fruit-
ful extension of our study. For now, we account for this uncer-
tainty by having two different models for the water production
rate, as we expect a more complex model to fall within these
limits. [Spada et al.| (2026) studied asymmetric models for the
non-gravitational acceleration and find a preference for a steeper
power law slope post-perihelion vs. pre-perihelion. This is op-
posite to the results of [Tan et al.| (2026)), who find a shallower
decrease after perihelion.

Production rates of other molecules have also been inferred,
including HCN, CN, CH4, CH30H, Fe, and Ni (Coulson et al.
2026; |[Hutsemékers et al.| [2026; |Rahatgaonkar et al.| 2025}
Roth et al.| 2025 [Lisse et al.| [2026; |Belyakov et al.| [2026;
Paek et al.| [2026)). However, their contributions to M are low,
so we ignore them for our analysis. The emission of dust
and cometary fragments could increase the mass loss rate of
3I/ATLAS beyond the gas emission captured in the previous
discussion. However, the impulse imparted on the nucleus is
likely subdominant to gas sublimation due to the much lower
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velocities. Therefore, we define our theoretical models based on
the data of MHZO/MOH and Mcoz, shown in Figure

Based on the previous discussion, we define two models
to describe the dependence of Mj3; on r. Model A, shown in
Figure |1| as a purple line, combines the model for Mco, and
MHZO,high» whereas model B, shown as a red line combines the
rates of MCO2 and MHZO’IOW:

M31a(r) = Mco,(r) + My, 0 nigh(r) 4)
M315(r) = Mco, (r) + Mu,ojow(r) - 5)

The integrated mass loss for these two models equates to
AMA ~ 5% 10"kg and AMg ~ 1.6 x 10'%kg. Note that this
is an underestimate of the mass loss of 3I/ATLAS as it does not
account for the mass loss in dust that may be of a similar order
(Jewitt et al.|[2025; |Gillan et al.[[2026; Ren et al.|[2026).

3. Non-gravitational acceleration

Due to momentum conservation, the mass loss of 3I/ATLAS can
induce a non-gravitational acceleration aye(r), defined by

M3Iang(r) = §M3I(r)vgas(r) s (6)

where vg,(r) is the (potentially r-dependent) velocity of the
gas when it is emitted from the surface and ¢ parametrizes
the anisotropy of the outgassing. { = 1 corresponds to the
maximum rocket effect, for a collimated outflow in a sin-
gle direction and { = O to outgassing with zero net mo-
mentum transfer on the nucleus, e.g. for the case of exactly
isotropic emission. Typically, values of { ~ 0.5 are assumed
(Rickman|[1989; [Sosa & Fernandez|2009), but the precise value
of ¢ for 3I/ATLAS is unknown and potentially time-dependent.
For the well-studied comet 67P/Churyumov-Gerasimenko, the
non-gravitational acceleration fits the water production rate for
{Veas = 480m s~! (Kramer & Liuter 2019ﬂ As this is compara-
ble to the thermal velocity of H,O for typical surface tempera-
tures of 200K, it suggests £ ~ 0.5 — 1 (Jewitt et al.| (2020) esti-
mated  ~ 0.5 independently). It is beyond the scope of this work
to estimate the value of { for 3[/ATLAS from the outgassing pat-
terns (studied, e.g., in [Roth et al.| (2025) and [Hoogendam et al.
(2025)), so we will keep it as a free parameter, noting that
{ ~ 0.1 — 1 appears to be the plausible range.

The gas velocity can be assumed to correspond roughly to
the mean thermal velocity,

8kpT

<vlh> = s
mTm

@)

at the surface of 3I/ATLAS. Energy-limited sublimation within
the ice line implies T = 200K for H,O and T = 120K for CO,
(Skorov & Blum/[2012; Marschall et al.| 2019; [Davidsson et al.
2022), corresponding to vy,0 ~ 500m s~ and vco, ~ 240ms,
respectively. At larger heliocentric distances, when the surface
temperature is determined by radiative equilibrium, the veloc-
ities will be smaller. However, since M and hence the non-
gravitational acceleration is much smaller further out from the
Sun, we can safely neglect this for our analysis. Note that vy, ~
VT ~ r~'/4 for radiative equilibrium, but M typically decreases
much more steeply with r.

By combining the stated values for vy,o and vco, together
with the models for the mass loss rate (Equations ] and [5), we

2 In this case, the mass of 67P is known independently, s0 {Vg, remains
as a free parameter.
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can formulate the radial dependence of the non-gravitational ac-
celeration,

ang A(r) = Ya(vco, Mco, (r) + vit,o M0 high (1)

ang B(r) = ¥B(vco,Mco, (r) + vit,oMi,0,10w(r)) -

®

The constant of proportionality ya/g = (/M3 is the parameter
that we infer in this work by confronting the model for ane(r)
to astrometric data that constrain the orbit of 3I/ATLAS. In our
analysis we will also consider a purely CO,-driven sublimation
following a 1/r? scaling,

C))

where the normalization is chosen to match Equation [T] near
perihelion. Note that Equation 1| (Sekanina/|1992) has a slightly
shallower slope (-1.95) and falls off rapidly outside the ice line.
For our purposes, this difference has no relevant effect. To en-
sure maximum comparability with other studies, we choose a
Ang(r) ~ 1/ r? scaling for the case of CO,-driven sublimation.

Qng,CO, = 7.7 % 102 kg S_])/C()2V(;o2 (r/rp)_z .

4. Inference of orbital parameters

In order to estimate the mass of 3I/ATLAS, we infer its non-
gravitational acceleration based on its orbital motion through
the solar system. Using ASSIST (Holman et al.|2023), an ex-
tension of the REBOUND code (Rein & Liu|2012)) that provides
ephemeris-quality test particle integration, we reconstruct the or-
bit of 3[/ATLAS given our model of its non-gravitational accel-
eration ang(r). ASSIST incorporates the position and velocities
of the Sun, the planets, and 16 most massive asteroids based on
JPL’s DE441 ephemeris (Park et al.[2021). In addition, ASSIST
accounts for the most important finite-size effects and relativis-
tic corrections, altogether providing excellent agreement with
JPL’s small-body orbit software, accessible through the Horizons
web serviceE] The orbit is integrated using IAS15, a 15th order
Gauss-Radau integrator (Rein & Spiegel/2015). As our models
for ang(r) are different from the Marsden model (Marsden et al.
1973)), which is implemented in ASSIST, we modify the code to
incorporate the radial dependence according to Equation 8]

The standard parameterization of the non-gravitational ac-
celeration is defined by
a,(r) = (Alr/r+A2t+ A3h/h)g(r), (10)
where r is the vector pointing from the Sun to 3I/ATLAS, h =
r X v gives the direction perpendicular to the orbital plane and
t = h X r is perpendicular to r but in the orbital plane. The radial
dependence is incorporated into g(r), which is defined by Equa-
tions (8 and @ Therefore, by inferring A = VA12 + A22 + A33
we obtain ya/g/co, and thus the mass of 3I/ATLAS.

The orbital fit is obtained using the dataset collected by
the MPC, containing 8086 observations from 2025-05-08 until
2026-03-06. In Figure 2} we display the residuals in RA and
DEC between the data from the MPC and JPL’s orbital solution
#54 (published Feb 19th). Notably, the highlighted data points
that come from the largest telescopes with the best seeing and
resolution agree well with the solution. However, the remain-
ing observations are clearly not normally distributed around the
solution, most notably in the residuals of the RA. If we trust
the fewer data points with higher fidelity and thus the solution
from JPL, this indicates significant systematic uncertainties at

3 https://ssd.jpl.nasa.gov/horizons
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Fig. 2: Residuals in RA and DEC between the data from the MPC and the orbital solution JPL #54. The orange points indicate
high-fidelity observations from large telescopes (specified in Section [3), including the reported residuals. Green color indicates
measurements from interplanetary spacecraft (Trace Gas orbiter, Lucy spacecraft, Psyche spacecraft) that are valuable in constrain-

ing the orbit due to the triangulation.

the level of 0.5 arcsec in many of the reported observations, pos-
sibly due to a tailward bias.

To understand the impact of these potential biases on the
estimation of the mass and size of 3I/ATLAS, we choose sev-
eral different methods of weighting the data, which are de-
scribed in more detail in Section [5} The most important result
is that the magnitude A of the non-gravitational acceleration is
quite robustly estimated, changing only 5% between the different
weighting schemes considered. This is insignificant compared to
the modeling uncertainty in the mass loss rate, the velocity of the
gas, and the collimation factor £. The values and confidence in-
tervals quoted in Section[fare obtained by considering the range
of values obtained by the different weighting schemes. However,
we caution that this might still underestimate the actual uncer-
tainty from the orbital fit.

5. Sensitivity analysis of the orbital fitting
procedure

Due to the systematic uncertainties present in the dataset from
the MPC, it is necessary to carefully investigate the robust-
ness of the inference of the non-gravitational parameters A; to
the weighting and selection of the data. We use four different
weighting schemes, which we describe in the following. In all
cases, we account for over-observation bias by down-weighting
data when an observatory reports more than four measurements
in a single night. In this case, the residuals are scaled by a factor
of VN/4, where N is the number of observations in that night.
In addition, we reject > 5o outliers during the fit and iterate the
fitting procedure until convergence is reached.

In the following, we list the four weighting schemes consid-
ered. When we refer to high-fidelity observations below, these
include measurements from the following observatories: HST,
VLT, Gemini North, Canada-France—Hawaii Telescope, South-
ern Astrophysical Research Telescope, and Apache Point Obser-
vatory. In total, 85 observations using these telescopes have been
reported to the MPC.

1. All data points are assumed to have the same residual o in
RA and DEC. The value of o is given by an unbiased esti-

mator, o = +/S/(n — p), where S is the sum of the square of

the residuals, # is the number of data points, and p = 9 the
number of orbital and non-gravitational parameters that are
inferred. Note that y, = 1 by construction in this case, so we
do not report it. The values for o that we obtain are all very
similar, o = 0.63", regardless of the model.

2. A residual of o = 0.1” is assumed for the high-fidelity ob-
servations, unless a larger one is reported. For all other data,
o = 1” is assumed, unless a larger residual has been re-
ported.

3. Only observations which report a value for the seeing s,
given in arcsec, are included. The residual in RA and DEC
is computed as o = 0.1” + 0.1s. If a larger uncertainty has
been reported we use it instead. The relation has been cho-
sen such that the residual for the lowest seeing values is at
least 0.1” and the slope of 0.1 has been found to lead to a
well-constrained fit.

4. Only high-fidelity observations are used for the fitting pro-
cedure and o = 0.1” is assumed, unless a larger residual has
been reported. We also include the data from the Trace Gas
orbiter, Lucy spacecraft, and Psyche spacecraft due to their
significance in constraining the orbit.

In this order, the weighting schemes put progressively more
weight on data points that have low seeing values and/or are
from the selected telescopes listed above. In Table [} we list
the non-gravitational parameters A;, the magnitude A, and the
goodness of fit measured by the reduced chi-squared value y? =

—vi)2
ﬁ > (m’(r—z}‘) Here, m;/y; denote the modeled/observed values

of RA and DEC, o; the residuals, n the number of data points,
and p = 9 the number of fitted parameters. We also report

dipL. = \/(Pcoz — Pip) 271 (Pco, — PipL)» Which measures the

statistical difference between the fit obtained for g(#) ~ 1/#? and
the equivalent result from JPL, last reported in solution #51 from
Feb 13th (later solutions were obtained with an additional time
offset DT between perihelion and the maximum of g(r)). Here,
Pco, and pyp denote the vector of the 9 parameters obtained by
our analysis and JPL and £ = X, + Xjpr is the sum of the
respective covariance matrices. Note that the non-gravitational
parameters are all obtained by normalizing g(r,) = 1/ rlz, at peri-
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Weighting scheme A [108AUd™?] A [10°8 AUd™?] A3 [108AUd?] | A[108AUd™?] | x, | dipL
1, Model A 6.03 = 0.05 1.98 +0.07 -0.849 + 0.014 6.40 + 0.05 - -
2, Model A 5.84 +0.09 2.00+0.10 -0.911 +0.021 6.24 + 0.07 0.647 | -
3, Model A 6.06 + 0.09 1.72 £0.10 -0.893 + 0.019 6.36 + 0.07 0.835 | -
4, Model A 6.06 + 0.10 1.72 +0.15 -1.0+0.03 6.39 + 0.08 0.865 | -
1, Model B 8.52+0.07 2.42 +0.09 -1.22+0.02 8.94+0.07 - -
2, Model B 8.22+0.12 2.61 +£0.14 -1.3+0.03 8.73+0.11 0.649 | -
3, Model B 8.37 +0.12 2.23+0.13 -1.29 +0.03 8.76 +0.10 0.857 | -
4, Model B 8.39 +0.14 2.19+0.20 ~1.48 £ 0.05 8.80+0.11 1.073 | -
1, CO, (1/7%) 4.48 +0.05 2.93 +0.08 -0.64 £ 0.01 5.39 +0.04 - | 465
2,CO, (1/7%) 4.4+0.08 2.64+£0.13 -0.693 + 0.016 5.18 £ 0.06 0.645 | 2.32
3,CO, (1/7%) 4.73 + 0.08 225+0.12 -0.678 +0.014 5.28 +0.06 0.827 | 2.65
4,CO, (1/r2) 4.80+0.10 2.10+0.17 -0.765 + 0.023 5.29 +0.06 0.674 | 2.45
JPL #51, (1/77) 455+0.11 1.77+0.14 -0.620 + 0.022 4.92 +0.08 - -
JPL #54, (1/r* + DT) 532+0.12 1.15+0.21 -0.685+0.018 5.49 +0.09 - -~
Spada et al.|(2026)), ng1 3.78+0.17 3.86+0.17 -0.65 + 0.02 5.44+0.17 - -

Table 1: Non-gravitational parameters A; obtained for the different models and weighting schemes. We also provide the goodness
of fit parameters y, and, for the model with a g(r) ~ 1/ r? scaling, the difference djpy. to the JPL solution, defined in the text. In the
bottom rows, we quote the most recent solutions by JPL with and without a timing offset DT, as well as the results from|Spada et al.

(2026)) for their model ‘ngl’.

helion, to ensure a meaningful comparison to the solutions from
JPL and|Spada et al.[(2026).

Table [I] also explicitly lists the non-gravitational parameters
for JPL solution #51 from February 13, the latest one to assume
a pure g(r) ~ 1/r* scaling. We also report the most recent solu-
tion #54 (from February 19), which includes the DT parameter
(given by DT = 9.5 + 1.4d). Finally, we also report the solu-
tion for the ‘ngl’ model from |Spada et al.|(2026), which also as-
sumes a g(r) ~ 1/r? scaling without timing offset. We also want
to note that the values of A; for our different models (A vs. B vs.
CO,) cannot be directly compared, given the different functional
dependencies assumed for g(7).

The non-gravitational parameters A; in Table [I] vary at the
level of around 5-20% for the different weighting schemes, with
the magnitude A being very robust to treatment of the data. The
strongest deviations are observed for the parameter A,. This is
in agreement with the recent analysis from |Spada et al.| (2026),
which finds that A, shows the largest sensitivity to data selection.
While they find A; ~ A, for a g(r) ~ 1/r> model, we obtain
A1 /A, = 1.5-2, depending on the weighting. On the other hand,
JPL finds A /A, =~ 2.6. Interestingly, our values of A, lie exactly
between the results from JPL and Spada et al.[(2026).

From a statistical point of view, values of A; and A for dif-
ferent weighting of the data are in slight tension. This is, how-
ever, not surprising and merely reflects that the statistical residu-
als from the fit do not fully capture the systematic uncertainty
in the data. As expected, weighting schemes 2-4, which put
more emphasis on the high-fidelity observations show better
agreement with the solution from JPL. It should also be noted
that all weighting schemes show the best goodness of fit for
a g(r) ~ 1/r? scaling and the worst for model B. However,
this preference is very subtle — except for the case of weight-
ing scheme 4, which contains much fewer data points and is thus
more sensitive to changes in the model.

The tendency of the orbital data to prefer a more shallow de-
pendence of the non-gravitational acceleration with heliocentric
distance was also observed by |Spada et al.| (2026), who found a
very slight preference for n = 2 when studying accelerations that
follow g(r) ~ 1/r". We conducted a similar experiment, comput-
ing y, for the different weighting schemes as a function of the
power law slope n. Consistently, n = 2 is the preferred exponent,
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Model | A[107® AUd™?] | M3/ [10" ke]

A 6.17 - 6.47 6.29 - 6.59

B 8.62 —9.01 1.68 — 1.75

CO, 5.12-543 0.31 -0.33
JPL #51 4.92 + 0.08 -

Table 2: Estimates of the non-gravitational acceleration and mass
of 3I/ATLAS. A is the non-gravitational acceleration, normalized
at perihelion such that g(r,) = 1/ rlz,. The last row lists the value
obtained by JPL solution #51 (with equivalent assumptions as
our CO; model) for comparison. The error ranges have been ob-
tained by the sensitivity analysis described in Section [5]in the
Appendix.

although the preference is subtle except for weighting scheme 4.
For weighting scheme 2/3/4, y, increases by 1%/7%/76%, going
fromn = 2 ton = 8 and by 0.3%/2%/30%, going from n = 2
to n = 4. In essence, if we trust the much fewer but likely more
accurate data points from the large telescopes, then a significant
preference for g(r) ~ 1/r? emerges. This has interesting conse-
quences, suggesting that the rocket effect might be dominated
by the sublimation of CO, with negligible contribution by water
production.

6. Results and Discussion

In Table 2} we provide the estimates for the mass of 3I/ATLAS
for each model. In addition, we give the values of A for a g(r)
that is normalized to g(r,) = 1/ rf, at perihelion, facilitating com-
parison to the values given by JPL. We also add, for comparison,
the value of A obtained by JPL solution #51, which assumes a
glr) ~ 1/r2—sca]ing. It is not surprising that M3;o > Mg >
M3;.co,, as this simply reflects M3a > Msip > Msico,. Assum-
ing a density of p = 0.5gcm™ and £ = 0.5, we convert the mass
estimates to effective radii of 3I/ATLAS. These are provided in
Table|3| which also lists the results from other studies. Note that
the radius scales as (¢/p)'/? and is thus weakly dependent on the
assumed density and outgassing asymmetry. In the following, we
want to discuss these results in the context of previous studies.
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Source Method R31 [km]
Model A (this work) Non-grav. effect 1.15
Model B (this work) Non-grav. effect 0.74
CO, (this work) Non-grav. effect 0.42
Seligman et al.| (2025) Magnitude <I11=x1
Jewitt et al.[(2025]) Nucleus extraction <2.8
Chandler et al.|(2025) | Surface brightness | < 6.3 +0.8
Scarmato, (2025) Nucleus extraction 0.16-2.8
Forbes & Butler| (2026) Non-grav. effect 0.41-0.55
Eubanks et al.[(2025b) Non-grav. effect 0.28
Hui et al.| (2026) Nucleus extraction 1.3+0.2
Hui et al.| (2026) Non-grav. effect 1.5+0.1

Table 3: Estimates of the size of 3I/ATLAS. The values obtained
through the non-gravitational acceleration are computed assum-
ing a density of p = 0.5gcm™ and ¢ = 0.5. Values from other
studies are rescaled to these values to facilitate comparisons.
Photometric estimates are rescaled to a common value of the
albedo of py = 0.04. Note that the radius scales as R ~ (£/p)'/?
for non-gravitational estimates and R ~ p;l/ % for photometric
ones.

The difference in the values of the inferred masses for each
model vastly exceeds the statistical uncertainties from the fit-
ting procedure. This demonstrates that uncertainties in the mod-
eling of the mass loss from the nucleus are currently dominating
the errors in the estimation of the mass and size of 3[/ATLAS.
The smallest mass and nucleus size is obtained if only CO,-
driven sublimation contributes to the rocket effect of 3[/ATLAS.
In this case, we find R3; =~ 0.42 km. The difference to the value
of R3; ~ 0.55km obtained by Forbes & Butler| (2026) for the
same scenario is mostly a result of the difference in the assumed
velocity of the sublimating carbon dioxide. Whereas they set
v = 0.8kms™!(r/AU) " based on empirical relations of the gas
velocity in the coma, we choose v = vy, = 0.24km s~!. This
is lower because CO, sublimates at lower temperatures and is
a heavier molecule than water. Also, the gas velocity is typi-
cally higher in the coma compared to when it left the nucleus
(Marschall et al.[2019). The value of R3; ~ 0.28 km obtained by
Eubanks et al.| (2025b) is lower due to the larger inferred non-
gravitational acceleration in their work, which is outdated and
inconsistent with the analysis carried out by JPL, [Spada et al.
(2026), and this work. Even though significant water production
has been observed around perihelion, it is unclear what fraction
of it is coming from the coma and thus not contributing to the
rocket effect of 3I/ATLAS. Our finding, that a g(r) ~ 1/r? de-
pendence is slightly preferred by the data (this was also noted
by |Spada et al.| (2026)) could suggest that the contribution of
water sublimation from the nucleus might be fully negligible
compared to that of carbon dioxide, implying a nucleus size of
R31 = 0.42km under the stated assumptions.

If sublimation of water contributes significantly to the non-
gravitational acceleration, then the nucleus size has to be larger,
with R3; = 0.74 — 1.15 km. The range here encompasses the dif-
ference between the smallest and largest values of the water pro-
duction that have been reported (see Figure [I). As discussed in
Section[2} the largest values are likely somewhat or perhaps even
strongly dominated by the sublimation from icy grains in the
coma (L1 et al.|2026)). Even the smaller reported values may still
contain a sizable contribution from the coma. Since this has no
rocket effect on 3I[/ATLAS and the ejection of those icy grains
from the nucleus also contributes insignificantly to the torque
(see Section [2)), the lower value of Rs seems to be the more

plausible estimate of the two. Both estimates are significantly
smaller than the value of R3; = 1.5+0.1 km inferred by Hui et al.
(2026)) in their analysis of the non-gravitational acceleration. The
main reason is that they take the peak value for the water produc-
tion of M ~ 10* kg s~ from |Combi et al. (2026) together with
g(r) ~ 1/r%. The corresponding gray line in Figure Efshows that
this strongly over-predicts the production of water before and
after perihelion relative to observed values. In addition, the mea-
surements of Qy,o at perihelion obtained by|Combi et al.|(2026)
and |Tan et al.| (2026) differ by one order of magnitude, adding
additional uncertainty at this time. Together with the evidence of
a significant production of water in the coma, this estimate there-
fore seems unrealistic. As we discuss below, such a large water
sublimation from the surface would also imply an active fraction
of the cometary surface above unity and is thus ruled out.
Another way to gain insight into the size of 3[/ATLAS is to
consider the surface area required to sustain the observed (and
modeled) production rate of water and carbon dioxide through
sublimation. Requiring that this surface does not exceed the ac-
tual surface of the object sets a relatively robust lower limit
on the radius. Inside the ice line, where sublimation is energy-
limited and radiative losses can be neglected, the flux from the
solar radiation equals the latent heat flux from sublimation,

So(l-4)
Se &

T'au

cosf =Lf, (1)

where S, = 1360 Wm™? is the solar constant, A = 0.04 the
assumed albedo, ray the heliocentric distance in AU, @ the an-
gle of the solar irradiation, L the latent heat of the sublimat-
ing molecule and f the mass loss through sublimation per time
and surface area. The lower limit of the radius is then deter-
mined by requiring that 47R>f > M and thus R > /M/(4nf).
Using Ly,0 = 2.84 x 10°Tkg™! for water ice and Lco, =
0.57 x 10°Jkg™! for carbon dioxide, we obtain Sfmo = 4.6 X
107*kgs'm™2 and fco, = 23 x 107*kgs™'m™2 at r = 1 AU,
respectively. To get the most conservative estimate of R, we as-
sume 6 = 0, i.e., subsolar temperature but isotropic emission. If
hemispheric emission with the corresponding temperature is as-
sumed, the lower bound for R becomes a factor of two larger. In
addition, comets typically have active fractions well below unity
(A’Hearn et al.|[1995). Note that since we assumed the energy-
flux to be dominated by sublimation, this estimate is also overly
conservative near and beyond the ice line, where the activity is
expected to drop more steeply than 1/72.

In Figure [3] we show the results from converting the ob-
served values of MHZO and Mcoz to lower bounds in the radius
of 3I/ATLAS, denoted as R,ive. We also include the models for
My,0.0w> Mi,ohigh and Mco, introduced in Section 2} In addi-
tion, the estimates of the effective size of the nucleus from the
non-gravitational effect are shown in the corresponding colours
as dotted lines. The sublimation of CO, requires a nucleus size
of Ruciive = 0.2km that is lower than all the radii determined
from the rocket effect. The scenario of dominant CO, sublima-
tion at the observed rates, with negligible contribution from wa-
ter production, is therefore consistent from this point of view.
This is not the case for the other scenarios involving a significant
contribution of water sublimation from the surface, described by
model A and B. Both models require R,ve around perihelion
that is larger than the size obtained from the non-gravitational
acceleration. The tension is worse for model A, which requires
Ruciive = 1.5 over an extended period of time (compared to
R,z = 1.15km), whereas model B only exceeds the radius from
the rocket effect very near the perihelion. In the latter case, the
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Fig. 3: Minimum radius of 3I[/ATLAS required to sustain the observed production rate with the entire surface being active. The solid
lines correspond to the models described in Section[2)and the dotted lines are the corresponding estimates of the radius of 3I/ATLAS

from the non-gravitational effect.

tension might be relaxed by a shallower increase near perihelion,
between the observations of |Crovisier et al.|(2025)) and|Tan et al.
(2026). However, we want to emphasize that the bound from the
active surface is a very conservative estimate and that the true
tension is likely stronger in both cases.

There are two possible ways to resolve this tension. On the
one hand, the assumptions that were made in the computation of
the radius from the non-gravitational acceleration may be inad-
equate. These include the assumed values for the gas velocity v,
the asymmetry factor £, and the comet density p. On the other
hand, even the more conservative model B of water production
and the corresponding observations may contain a significant
fraction of sublimation from the coma. In this case, water subli-
mation from the surface might be similar or even negligible com-
pared to CO,. We can quantify how much we need to change our
assumptions about p, v, and { to resolve the tension, by requiring
Ryg > Raciive- Since the non-gravitational estimates depend on the
quantity v{/p, let us denote x = (v/v)(£/0.5)(0/0.5 gcm‘3)‘1,
with x = 1 therefore describing our standard assumptions. From
Rycive = VM/(4nf) and R,y = BMv( /4Anpang)'® we get xp > 3
and xg > 2.5. These are conservative bounds that are sensitive to
the estimate R,.ve. If we assume hemispheric emission or a more
realistic active fraction of 25%, R,.iive doubles and the bound on
x becomes eight times higher, giving x4 > 24 and xg > 20.
Models with significant water sublimation are therefore only al-
lowed under the quite strong assumptions, extremely efficient
sublimation over a large fraction of the surface with high gas
velocities and/or a very low comet density, and are therefore dis-
favored. On the other hand, we get xco, > 0.14 and xco, > 1.1
for the conservative and more realistic estimate, demonstrating
the consistency of the scenario of pure CO, sublimation. This
is an important result and fits well to the previous observations
that a 1/r> model of the sublimation is (slightly) preferred by the
fit. These results suggest that a large fraction of water sublima-
tion occurs in the coma rather than from the nucleus. Note that
throughout our analysis, we have assumed a spherical shape of
3I/Atlas. A highly nonspherical nucleus would allow for a larger
surface area per volume and could soften the tension between
Ractive and Ryg.
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The previous considerations imply that the physically most
plausible model for the mass loss rate is that of pure CO,
sublimation, for which we obtain R3;; = 0.42km. This esti-
mate is however much lower than the photometric estimate of
R31 = 1.3 £ 0.2km from Hui et al.| (2026). Raising our estimate
to the lower bound of R3; = 1.1km would require Mv{/p to
increase by a factor of 18. One explanation could be an under-
estimate of the CO, sublimation by observations in combina-
tion with a somewhat faster outgassing velocity or slightly lower
cometary density. The constraint on CO, sublimation from the
active fraction is less strong than that for water, leaving some
room for a larger sublimation rate, at least under conservative
assumptions. Another explanation is that the photometric esti-
mate by Hui et al.| (2026) is unreliable due to strong extinction
around the nucleus. A lower size and mass of 3I/Atlas would
also reduce the required mass budget of interstellar object, soft-
ening the tension with its claimed origin from a metal-poor en-
vironment (Cordiner et al.|[2026}; [Salazar Manzano et al.|[2026;
Opitom et al.[2026; Loeb|2026)

Finally, we would like to point out that the scenario of a light
nucleus with its outgassing dominated by CO, sublimation could
imply a substantial mass loss during the encounter with the Solar
System. Taking the more conservative model B as a lower bound
and £ = 0.5, 3I/ATLAS would have lost at least 5%/ of its
initial mass. This is likely an underestimate given the additional
mass loss in dust that we have not accounted for.

7. Summary

In this work, we have reviewed the observational data on the pro-
duction rates of water and carbon dioxide of 3[/ATLAS to derive
empirical models for the mass loss rate of the interstellar object.
We consider three parameterizations: a purely CO,-driven subli-
mation with a 1/r>-dependence and two models accounting for
the contribution from water sublimation. These two models were
fitted to the highest (A) and lowest (B) reported production rates,
encompassing the range of uncertainty that is likely driven by
an extended production in the coma. By combining these mod-
els with the astrometric data of 3I/ATLAS, we have derived the
non-gravitational parameters and as a result, estimated the mass
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and size of the object. We have analyzed the sensitivity of our
fitting procedure to different weighting and selection of the data,
to understand the systematic uncertainties of the orbital solution.
Finally, we have compared our size estimates of the nucleus to
previous work and discussed additional limits from the active
surface available for sublimation. Our results are summarized in
the following.

— Most of the available astrometric data shows biases and sys-
tematic uncertainties at the level of 0.5 when compared to
observations from the largest telescopes with the highest res-
olution.

— Despite these potential systematic uncertainties, the magni-
tude of the non-gravitational acceleration A can be estimated
quite robustly. Our different weighting schemes give results
that differ by only 5%. The strongest dependency on the
treatment of the data was observed for A, in agreement with
previous findings of |Spada et al.| (2026)).

— For all our models and weighting schemes, we find A; >
A, > Aj. Our values for A; and A, lie between those obtained
by |Spada et al.| (2026) and JPL. There is a subtle statistical
preference towards the CO, model with a 1/7? scaling, which
becomes more pronounced when we only include the data
from large telescopes and interplanetary spacecraft. When
testing a generic power law scaling g(r) ~ 1/r" for the non-
gravitational acceleration, we find that n =~ 2 is preferred
compared to steeper slopes.

— The estimate for the mass of 3I/ATLAS is M3;/{ = 0.31 —
0.33 x 10'2kg for a CO,-only model, where ¢ is the out-
gassing asymmetry factor. Including the contribution from
water sublimation, we obtain M3;/¢ = 1.68 — 1.75 x 10'? kg
and M3/ = 6.29 — 6.59 x 102 kg for the low and high
limit of water sublimation from the nucleus. The difference
between these values compared to the credible ranges from
the fit shows that the errors in the estimates for the mass and
size of 3I/ATLAS are currently strongly dominated by the
uncertainty of the mass loss rate, rather than the astrometry.

— Assuming a density of p = 0.5gcm™ and £ = 0.5, we esti-
mate the nucleus radius of 3I/ATLAS to be R3; = 0.42km
for the CO,-driven sublimation, and R3; = 0.74km and
R3; = 1.15km for the low (model B) and high (model A)
limit of water sublimation. The value of R3; = 0.42km is
consistent with a similar analysis by [Forbes & Butler](2026)),
when we account for the different outgassing velocity as-
sumed. We argue that the estimate of R3; = 1.5+0.1 km from
Hui et al.|(2026)) is too high because it assumes an unrealisti-
cally high mass loss rate, which exceeds almost all observed
data points. In addition, there is good evidence that a large
fraction of the observed water production is occurring in the
coma and therefore without any rocket effect on the nucleus.

— We derive an additional constraint on the size of 3[/ATLAS
by considering the surface area required to sustain the subli-
mation. Under the most conservative assumptions, this leads
to a tension for the two models which include significant wa-
ter production. The high sublimation rate would require a
nucleus size that is too large to be compatible with the non-
gravitational effect, unless we adopt extreme assumptions. A
model with an even lower water production rate than our con-
servative model B might still be viable. This also implies that
the sublimation of water from the surface of 3[/ATLAS likely
does not significantly exceed that from CO,. The surface area
required for the sublimation of carbon dioxide is consistent
with the corresponding nucleus size from the rocket effect.

— The combined evidence of a large fraction of water pro-
duction occurring in the coma, the preference of the orbital

solution for a purely CO,-driven sublimation, and the con-
straints from the active fraction suggest that the rocket ef-
fect of 3I/ATLAS might be dominated by CO, sublimation
throughout the orbit, with negligible contribution from water
production. In this case the nucleus has an effective radius of
R31 = 0.42 km, which calls the reliability of the photometric
estimate of R3; = 1.3 + 0.2km into question. The estimates
could be reconciled if the observations have underestimated
the production rates of CO,, perhaps in combination with a
lower-than-usual comet density.

Our analysis has studied a range of possible scenarios for
the outgassing from the surface of 3I/ATLAS and computed the
corresponding mass and size estimates. The availability of more
data on the production rates of water and carbon dioxide should
help to narrow down the range of possible scenarios and thus im-
prove estimates of the size and mass of 3I/ATLAS. Knowledge
of the latter will be useful for our understanding of the origin and
density of interstellar objects.
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