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ABSTRACT

Context. Interstellar objects provide the only direct observational evidence for macroscopic bodies unbound to the Solar System. Their
potential contribution to the Galactic baryon budget has not previously been quantified using an observation-anchored approach.
Aims. We aim to determine whether the population implied by the three confirmed interstellar objects can supply a significant fraction
of the Milky Way’s missing baryons.
Methods. We derive a flux-based estimate of the local ISO number density using measured detection radii, encounter times, and
hyperbolic velocities, and convert this to a local mass density via a non-parametric bootstrap over the ISO masses. This density is then
coupled to several Galactic spatial templates and integrated across the Milky Way to obtain the corresponding Galaxy-wide ISO mass.
Detection completeness is treated as a free scaling parameter, and Poisson and mass uncertainties are propagated independently.
Results. For the three shallow-gradient templates considered—baryonic, total-mass, and uniform—modest incompleteness is suffi-
cient for ISOs to supply the mass needed to raise the Milky Way baryon fraction to the value expected for haloes of similar mass.
Stronger incompleteness allows the inferred baryon fraction to approach the cosmic value. A stellar-tracing template yields unphysical
Galaxy-wide masses and is therefore ruled out.
Conclusions. Interstellar objects may constitute a non-negligible and previously unaccounted component of the Galactic baryon
budget. The framework developed here is readily updated as additional ISOs are detected, providing a direct and observation-anchored
means of assessing their contribution to the Milky Way’s baryonic mass.
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1. Introduction

The baryonic mass of the Milky Way remains uncertain.
Measurements from the cosmic microwave background and
big-bang nucleosynthesis constrain the cosmic baryon frac-
tion to fb ≃ 0.158 (Aghanim et al. 2020; Fields et al. 2020),
whereas dynamical estimates for the Galaxy indicate a sub-
stantially smaller value, fb ≃ 0.05–0.06 (McMillan 2017;
Bland-Hawthorn & Gerhard 2016). This difference implies a
missing baryonic mass of order 2–3×1010 M⊙, potentially resid-
ing in hot circumgalactic gas, cold or diffuse phases, or compact10

baryonic components (Bregman 2007; Tumlinson et al. 2017;
Priyadharshini et al. 2025).

Interstellar objects (ISOs) constitute a rarely examined cat-
egory within this broader inventory. Prior to the discovery
of 1I/’Oumuamua, constraints relied solely on survey non-
detections (Engelhardt et al. 2017). The subsequent detections of
1I/’Oumuamua, 2I/Borisov, and 3I/ATLAS (Meech et al. 2017;
Guzik et al. 2020; Seligman et al. 2025) provide direct evidence
for macroscopic bodies on unbound trajectories through the So-
lar System and allow a flux-based estimate of their local num-20

ber density (Flekkøy & Toussaint 2023; Dorsey et al. 2025). Be-
cause ISOs originate from baryonic processes associated with
planet formation and early dynamical ejection (Jackson et al.
2018; Raymond et al. 2018), they represent a potentially non-
negligible but previously unquantified baryonic reservoir.

In this paper we use only the empirical properties of the three
known ISOs—detection radii, encounter times, heliocentric ve-

locities, and estimated masses—to derive the corresponding lo-
cal number and mass densities. We propagate these constraints
through a set of conservative Galactic-scale spatial templates and 30

integrate the resulting ISO density fields across the Milky Way.
This approach quantifies how the Galaxy-wide ISO mass de-
pends on survey completeness while avoiding assumptions about
the underlying mass function or ejection history.

The analysis shows that, for spatial distributions tracing
baryonic mass, total mass, or a uniform background, mod-
est incompleteness is sufficient for ISOs to supply a baryonic
mass comparable to the present deficit. More extreme incom-
pleteness values allow the ISO contribution to approach the
baryon fraction empirically associated with haloes of Milky- 40

Way mass. A stellar-tracing template, in contrast, produces un-
physical Galaxy-wide masses and is therefore excluded. ISOs
cannot serve as a dark-matter analogue, both because of their
baryonic origin and because such an interpretation would con-
flict with cosmological constraints; however, they may form a
previously unaccounted component of the Galactic baryon bud-
get.

All analysis code and figure-generation scripts are pub-
licly available at https://github.com/mariansiwiak/
ISODensity. 50
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2. Modelling

The three confirmed interstellar objects—1I/’Oumuamua,
2I/Borisov, and 3I/ATLAS—provide the empirical foundation
for estimating the local ISO mass density and extrapolating it to
the Galaxy. Their discovery circumstances (Meech et al. 2017;
Guzik et al. 2020; Seligman et al. 2025) and associated photo-
metric and dynamical characterisation (Jewitt et al. 2017, 2020;
Jewitt 2024; Bolin et al. 2020) supply the observed encounter
dates ti, heliocentric detection radii Ri, estimated masses mi,
and characteristic hyperbolic velocities v∞ (Table 1). These ob-60

servational inputs, together with survey sensitivity considera-
tions (Engelhardt et al. 2017; Chambers et al. 2019; Tonry et al.
2018), define the local normalisation used in the remainder of
the analysis.

Table 1: Adopted parameters for the three confirmed interstellar
objects.

Object
Discovery

date
Rdet

(AU)
Mass
(kg)

v∞
(km s−1)

1I 19/10/17 0.25 1.0 × 1011a 26.3b

2I 30/08/19 2.98 2.6 × 1011c 32d

3I 01/07/25 3.20 2.6 × 1014e 58f

Notes. (a) Jewitt (2024) (b) NASA Science (2017) (c) Jewitt et al. (2020)
(d) Bolin et al. (2020) (e) Seligman et al. (2025) (f) NASA Science (2025)

2.1. Local ISO encounter rate and number density

The temporal baseline between the first and last detection is

Tobs = tmax − tmin, (1)

yielding the maximum-likelihood Poisson arrival rate

λbest =
Ndet

Tobs
. (2)

Uncertainty in the rate is quantified using the exact Garwood
interval (Garwood 1936), which provides the 95% bounds
(λlow, λhigh), expressed through the multiplicative factors70

slow =
λlow

λbest
, shigh =

λhigh

λbest
. (3)

Because the three ISOs were detected at different heliocen-
tric distances and no uniform survey-sensitivity model exists for
all events, we adopt the arithmetic mean

Ravg =
1

Ndet

∑
i

Ri, (4)

and treat the surveyed region as an effective sphere of cross-
section

A = πR2
avg. (5)

This choice provides a conservative, survey-independent
normalisation. The corresponding flux-through-a-sphere for-
mulation for the local ISO density follows the standard ap-
proach used in recent ISO visibility and number-density analyses
(Flekkøy & Toussaint 2023; Dorsey et al. 2025).80

Equating the flux nISOv∞A to the observed arrival rate gives
the local number-density estimator

nISO =
λbest

A v∞
. (6)

In this work, the detection completeness factor Cdet ∈ (0, 1] is
introduced as a free scaling parameter to probe the sensitivity
of the inferred ISO mass to survey incompleteness. Cdet rescales
flux calculared in ewquation 6 to

nISO,true(Cdet) =
nISO

Cdet
=

λ

Cdet A v∞
. (7)

2.2. Local ISO mass density and normalisation

The estimated masses of the three ISOs span several orders of
magnitude, consistent with expectations from population syn-
thesis and ejection models (Jackson et al. 2018; Raymond et al. 90

2018; Trilling et al. 2017; Portegies Zwart et al. 2018). To avoid
imposing a parametric mass distribution, we employ a non-
parametric bootstrap (Efron 1979; Feigelson & Babu 2012) over
the mass set {m1,m2,m3}. This generates an empirical distribu-
tion of mean masses and yields the low, best, and high estimates
mavg,low,mavg,best,mavg,high. The corresponding local mass density
is

ρISO,true(Cdet) = mavg nISO,true(Cdet) =
mavg λ

Cdet A v∞
. (8)

2.3. Galaxy-wide ISO mass extrapolation

To extrapolate the local mass density to the Galaxy, we assume
that the ISO spatial distribution follows one of four templates: 100

stellar mass, total baryonic mass, total mass (baryons + dark
matter), or a uniform background. These distributions are de-
rived from the Milky Way mass model of McMillan (2017) as
implemented in galpy (Bovy 2015). For any template ρT (R, z),
the ISO density normalised at the Solar position (R⊙, z⊙) =
(8.2 kpc, 0) (Abuter et al. 2019) is

ρISO(R, z; Cdet) = ρISO(Cdet)
ρT (R, z)
ρT (R⊙, 0)

. (9)

We evaluate the distribution on an axisymmetric cylindrical
grid spanning R ∈ [0.1, 20] kpc and z ∈ [−3, 3] kpc, using the
volume element dV = 2πR dR dz. The total ISO mass is approx-
imated by 110

MISO(Cdet) ≈
∑
i, j

ρISO(Ri, z j; Cdet)(2πRi∆Ri∆z j), (10)

and the corresponding baryon fraction is

fb(Cdet) =
Mbary,known + MISO(Cdet)

Mtotal
. (11)

All unit conversions are handled through the astropy frame-
work (Collaboration 2022).

2.4. Uncertainty treatment

Two independent sources of uncertainty enter the model: the
Poisson arrival rate and the ISO masses. Rate uncertainty is
captured through the Garwood scalings (slow, shigh) applied to
λbest. Mass uncertainty is captured through the bootstrap-derived
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triplet (mavg,low,mavg,best,mavg,high). These are propagated inde-
pendently through the number-density calculation, the local120

mass density, and the Galactic integration.
The combined uncertainty envelope is therefore obtained by

applying all combinations of the three mass scenarios, and the
two rate scalings, explicitly:

ρcomb
ISO,true = ρ

best
ISO,true × {slow, shigh} ×

{
mavg,low

mavg,best
,

mavg,high

mavg,best

}
. (12)

These cases are propagated independently through the
Galactic integration, producing the full uncertainty envelope for
the total ISO mass MISO(Cdet) and the baryon fraction fb(Cdet).

3. Results

Galaxy-integrated ISO masses increase monotonically as the
detection completeness Cdet decreases, and this trend directly130

shapes the inferred baryon fraction. As shown in Fig. 1, the three
shallow-gradient templates (baryonic, total-mass, and uniform)
produce nearly identical trends across the detection complete-
ness range, whereas the stellar template deviates by several or-
ders of magnitude.
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Fig. 1: Best-estimate fb(Cdet) across the galactic templates. Hor-
izontal lines mark the Milky Way baryon fraction, the expected
fraction for haloes of similar mass, and the cosmic baryon frac-
tion.

3.1. Crossing points for characteristic baryon fractions

The completeness values at which the inferred baryon frac-
tion reaches three characteristic thresholds—the Milky Way

value ( fb ≃ 0.056), the halo-mass-expected value ( fb ≃ 0.08;
McGaugh 2007; McGaugh et al. 2009; Priyadharshini et al. 140

2025), and the cosmic value ( fb = 0.158; Aghanim et al. 2020;
Fields et al. 2020)—are summarised in Table 2.

Table 2: Completeness values Cdet at which each template
reaches selected baryon-fraction thresholds.

Template ( fb) 0.056 0.08 0.158 1
Stellar 1.0 1.0 1.0 1.0
Baryonic 1.0 0.46 0.10–0.31 0.01–0.03
Total-mass 1.0 0.39–1.0 0.09–0.27 0.03
Uniform 1.0 0.33–1.0 0.08–0.23 0.02–0.03

Across the viable models, modest incompleteness is suffi-
cient to reach fb ≃ 0.08, while stronger incompleteness allows
fb to approach the cosmic value.

3.2. Behaviour across the shallow-gradient templates

Figure 1 shows that the inferred ISO contribution increases
monotonically with decreasing Cdet. This trend follows directly
from the C−1

det scaling of the local mass density. Even for Cdet = 1,
ISOs contribute at the several-percent level to the Milky Way 150

baryonic mass.
The three viable spatial templates are compared more closely

in Figure 2. Each panel displays the best-estimate curve together
with the uncertainty envelopes derived from the bootstrap mass
distribution and Poisson rate bounds. The similarity of the three
panels shows that the results are driven primarily by the local
ISO normalisation and only weakly by assumptions about the
large-scale spatial distribution.

3.3. Implications for the missing-baryon budget
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(b) Total-mass template
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Fig. 2: Uncertainty envelopes for the three shallow-gradient tem-
plates. The three panels show nearly identical behaviour across
the completeness range.

The gap between the Milky Way baryon fraction and the 160

value expected for haloes of comparable mass corresponds to
roughly (2–3) × 1010,M⊙. As shown in Figure 1, once the com-
pleteness falls below Cdet ≲ 0.6, the inferred ISO contribution
exceeds this threshold for all viable templates. For Cdet ≈ 0.1–
0.15, the corresponding baryon fractions approach the cosmic
value. These trends follow directly from the local ISO normal-
isation implied by the detections and arise without invoking
changes to the underlying Galactic mass model.

3.4. Stellar-tracing template

The stellar template behaves qualitatively differently due to the 170

steep central concentration of the stellar density field (McMillan
2017). When normalised to the Solar neighbourhood, this leads
to Galaxy-integrated ISO masses that exceed both the baryonic
and dynamical mass of the Milky Way. Even the most conserva-
tive uncertainty combinations give fb ≫ 1, as shown in Fig. 3.
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Fig. 3: Stellar-tracing template. The inferred baryon fraction ex-
ceeds unity for all completeness values, indicating incompatibil-
ity with the ISO normalisation.

4. Conclusions

We have developed a minimal, observation-anchored framework
for estimating the possible Galactic mass contribution of inter-
stellar objects, based solely on the measured properties of the
three confirmed detections. A flux-based estimate of the local 180

ISO number density, combined with a bootstrap characterisation
of ISO masses and an exact Poisson description of the arrival
rate, provides a data-driven normalisation for several conserva-
tive Galactic density templates derived from the McMillan mass
model.

The three shallow-gradient templates—baryonic, total-mass,
and uniform—produce mutually consistent outcomes. For com-
pleteness values Cdet ≲ 0.6, the corresponding Galaxy-integrated
ISO masses are sufficient to raise the Milky Way baryon fraction
from its currently inferred value to the fb ≃ 0.08 level expected 190

for haloes of comparable mass. For Cdet ≈ 0.1–0.15, the inferred
fractions extend toward the cosmic baryon fraction. These be-
haviours are driven by the local ISO density and are largely in-
sensitive to the assumed large-scale spatial distribution.
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The stellar-tracing template yields baryon fractions well
above unity owing to the steep central concentration of the stellar
mass field. This incompatibility with the observed ISO environ-
ment provides an internal consistency check on the modelling
framework and motivates the exclusion of such centrally con-
centrated distributions.200

Low completeness values allow the inferred ISO mass to ap-
proach the dynamical mass scale of the Galaxy. Under the stan-
dard cosmological baryon inventory, this trend cannot be inter-
preted as evidence for a baryonic alternative to dark matter: ISO
formation is inherently baryonic, and any associated increase
in fb would need to remain consistent with CMB- and BBN-
based constraints. Within those constraints, the results should
be viewed in terms of Galactic baryon accounting; should fu-
ture revisions of the cosmological baryon fraction arise, the ISO
component quantified here would integrate naturally into any up-210

dated budget.
The framework is readily extensible. Additional ISO detec-

tions will tighten the arrival-rate constraints, reduce statistical
uncertainty, and progressively constrain the ISO mass distribu-
tion. Improvements in survey sensitivity models, ISO physical
characterisation, and Galactic potential modelling can be incor-
porated directly. As the sample grows, this approach provides
a stable means of quantifying the role of interstellar objects in
the Milky Way baryon census, complementing ongoing efforts
to identify and characterise non-luminous baryonic components.220
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