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JWST sighting of decametre main-belt 
asteroids and view on meteorite sources

Artem Y. Burdanov1,16, Julien de Wit1,16 ✉, Miroslav Brož2, Thomas G. Müller3, Tobias Hoffmann4, 
Marin Ferrais5, Marco Micheli6, Emmanuel Jehin7, Daniel Parrott8, Samantha N. Hasler1, 
Richard P. Binzel1, Elsa Ducrot9, Laura Kreidberg10, Michaël Gillon11, Thomas P. Greene12, 
Will M. Grundy13, Theodore Kareta13, Pierre-Olivier Lagage9, Nicholas Moskovitz13, 
Audrey Thirouin13, Cristina A. Thomas14 & Sebastian Zieba10,15

Asteroid discoveries are essential for planetary-defence efforts aiming to prevent 
impacts with Earth1, including the more frequent2 megaton explosions from decametre 
impactors3–6. Although large asteroids (≥100 kilometres) have remained in the main 
belt since their formation7, small asteroids are commonly transported to the near- 
Earth object (NEO) population8,9. However, owing to the lack of direct observational 
constraints, their size–frequency distribution (SFD)—which informs our understanding 
of the NEOs and the delivery of meteorite samples to Earth—varies substantially  
among models10–14. Here we report 138 detections of some of the smallest asteroids 
(≳10 metres) ever observed in the main belt, which were enabled by JWST’s infrared 
capabilities covering the emission peaks of the asteroids15 and synthetic tracking 
techniques16–18. Despite small orbital arcs, we constrain the distances and phase angles 
of the objects using known asteroids as proxies, allowing us to derive sizes through 
radiometric techniques. Their SFD shows a break at about 100 metres (debiased 
cumulative slopes of q = −2.66 ± 0.60 and −0.97 ± 0.14 for diameters smaller and larger 
than roughly 100 metres, respectively), suggestive of a population driven by collisional 
cascade. These asteroids were sampled from several asteroid families—most probably 
Nysa, Polana and Massalia—according to the geometry of pointings considered here. 
Through further long-stare infrared observations, JWST is poised to serendipitously 
detect thousands of decametre-scale asteroids across the sky, examining individual 
asteroid families19 and the source regions of meteorites13,14 ‘in situ’.

Asteroids are discovered by their motion relative to the background 
stars. This observed motion results from the actual orbital movement 
of asteroids combined with motion induced by Earth’s (and/or a satel-
lite’s) parallactic movement. Although most asteroid-search projects 
detect objects in single images (exposures) and link their motion across 
several images, this method may miss fainter objects that are not visible 
on an individual image. To address this, the ‘shift-and-stack’ technique, 
developed in the 1990s, enhances the signal-to-noise ratio (SNR) by 
combining several images into one ‘stack’ image16,20,21. This method 
involves predicting the motion of the asteroid, shifting image pixels 
accordingly and then combining the images (Fig. 1). Synthetic tracking, 
an extension of the shift-and-stack technique, does not rely on previous 
knowledge of the motion of an asteroid but instead performs a fully 
‘blind’ search by testing a series of possible shifts17,22,23 (that is, velocity 
vectors). However, the computational intensity of this method posed 
a bottleneck until the widespread availability of graphics processing 

units (GPUs). The subsequent use of GPU-based synthetic tracking 
increases the scientific return of monitory campaigns, such as exo-
planet transit-search surveys, by recovering serendipitous asteroid 
detections18,24.

Most of the known asteroids have been discovered by ground-based 
surveys at visible wavelengths. The full spectral energy distributions of 
asteroids are a combination of reflected sunlight (driven by the albedo 
of the object) and thermal emission, with the central wavelengths of 
the thermal peak ranging between 5 and 20 μm for objects between 1 
and 10 au (Fig. 2). With a sensitivity in that wavelength range and a large 
aperture, JWST is ideal for detecting the thermal emission of asteroids 
and revealing the smallest main-belt asteroids (MBAs)15. Such obser-
vations combined with orbital information can yield accurate radius 
estimates, which are less affected by degeneracy with the albedo than 
those from visible-light observations25–27. Indeed, the visible-light detec-
tion of a typical MBA with known orbit can be explained by an object 
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with a small size with high albedo or a large size with low albedo. For 
the wide range of albedos from 3 to 40%, the corresponding sizes can 
vary by a factor of 3–4. By contrast, a thermal infrared measurement 
close to the thermal peak of the object constrains the size of the object 
to within about 10–20% (Methods).

JWST’s potential and decametre delivering
JWST observing programmes conducted with no dithering are espe-
cially suitable for synthetic tracking, as all exposures from one visit 
can be shifted and stacked. This makes JWST sensitive to small infrared 
fluxes from moving objects in a field of view (FoV) and enhances its capa-
bility to detect faint asteroids. Such a dithering-free long-stare mode 
was used to observe the TRAPPIST-1 star (located 0.6° from the ecliptic) 
with the MIRI instrument28 at 15 μm as part of several programmes 
aimed at characterizing the TRAPPIST-1 exoplanetary system through 
measurements of the inner planets’ dayside emission (programme IDs 
(PIDs) 1177 and 2304, with Greene and Kreidberg as PI, respectively) and 
their combined thermal phase curve (PID 3077, principal investigator 
M.G.). In total, JWST observed the TRAPPIST-1 star for 93.5 h during 
11 visits in 2022–2023. After applying our GPU-based framework for 
detecting asteroids in targeted exoplanet surveys18,24, we were able to 
detect eight known and 138 unknown asteroids that happened to seren-
dipitously cross the MIRI FoV of 56.3″ × 56.3″ or 112″ × 113″ (depending 
on the particular observing programme). The known objects are MBAs 
with fluxes between 100 and 1,700 μJy and diameters (D) between 200 
and 2,500 m (Extended Data Table 1).

The 138 new detections could not be attributed to any known aster-
oids, for which we searched for previously discovered objects posi-
tioned closer than 1′ from each detection (Methods). Infrared fluxes of 
these new objects range from 0.5 to 600 μJy, with a detection/sensitivity 

threshold at about 0.5 μJy (Methods and Extended Data Fig. 1). Our 
detections spend from 30 min to 8 h in the MIRI FoV. Even in the case 
of the longest observing arc of 8 h, orbits of different dynamical classes 
can fit the data well and are statistically indistinguishable. We thus used 
ensembles of known objects that were predicted to be in a 6° × 2° area 
around the TRAPPIST-1 star at the time of detection of an unknown 
asteroid as proxies to derive posterior probability distributions on 
the distance from JWST to each unknown asteroid (see example in 
Extended Data Fig. 2). This methodology yielded the distance with a 
typical uncertainty of about 0.2 au and adequately returned the dis-
tance of the eight known asteroids (Methods and Extended Data Fig. 3). 
We estimated distances from JWST to unknown asteroids to be from 
0.9 to 3.0 au, placing them primarily in the main asteroid belt, with 
diameters ranging from 10 to 500 m (Fig. 3 and Methods). Among them, 
six seem associated with the population of NEOs (marked as ‘NEOs?’ in 
Fig. 3) and one with the population of trojans (Methods and Extended 
Data Table 2). The detection/sensitivity threshold at about 0.5 μJy starts 
at roughly 1.5 μJy and translates into an observational bias emerging 
in the 20–40-m-diameter regime with a sharp cutoff by about 10 m 
(Extended Data Fig. 1).

Population statistics and possible origins
The SFD of our asteroid detections is unusually shallow at sizes larger 
than about 100 m, corresponding to a population depleted by colli-
sions (Fig. 4). It can be described by a power law, N(>D) = CDq, with the 
exponent q = −0.97 ± 0.14. This exponent is derived from the debi-
ased SFD, that is, the observed SFD corrected for the size-dependent 
recovery rate and the non-negligible uncertainties of individual size 
estimates (Methods). On the other hand, the observed SFD is much 
steeper below 100 m, with a debiased exponent q = −2.66 ± 0.60, 
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Fig. 1 | Basics of a blind search for asteroids using synthetic tracking.  
a, Average stack of exposures 4,000 to 4,500 from PID 3077 centred on the 
ultracool star TRAPPIST-1, revealing two known bright asteroids (2004 GH89 
and 2016 UR72) crossing the left side of the FoV (field of view). Being bright,  
they are detectable on individual exposures, leading to a trail on the stacked 
exposure. The other dashed lines refer to the paths of four unknown asteroids 
crossing the FoV at the same time but only detectable in stacked exposures that 

are first shifted along their respective paths, which are identified through a 
blind search by means of the shift-and-stack technique. b, Shifted-and-stacked 
exposures centred on four new asteroids (#113, #109, #112 and #111) with their 
speed (V, in arcsec min−1), position angle (PA, in °) and flux (F, in μJy). All of the 
properties of the 138 new asteroids are reported in Supplementary Table 1 and 
their shifted-and-stacked exposures in Supplementary Fig. 1.
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valid between 100 m and approximately 10 m. The larger uncer-
tainty associated with the steeper part of the SFD is because of the 
large uncertainties on the sizes (about 25%)—primarily driven up by 

the orbital-configuration uncertainty—that result in a wide range 
of steep SFDs matching the observed size distribution (Extended  
Data Fig. 6).
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Fig. 2 | JWST’s far-infrared window into the MBA population. a, Radiation 
density (Jy) normalized to the peak emission for 0.1-albedo asteroids with a 
heliocentric distance of 1.5 au (blue), 2.5 au (red) and 3.5 au (yellow) showcasing 
the favourable infrared-to-visible flux ratio. b, Minimum size of an asteroid 
detectable for a 0.5-μJy detection threshold at 15 μm compared with 

state-of-the-art capabilities in the visible. The dashed line represents the radius 
detection threshold at Vmag ≈ 27 (ref. 6). With a 0.5-μJy detection threshold 
(Extended Data Fig. 1), JWST can outperform searches in the visible up to 10 au 
and by up to two orders of magnitude in size in the main belt.
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the size–flux relationships for objects at 2.00, 2.50 and 3.25 au, respectively. 
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together with the debiased SFDs (green) (see Methods for details). Median raw 
and debiased SFDs are shown as solid lines. The debiased SFD presents two 
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This steeper slope is characteristic of the strength regime of frag-
mentation29. In fact, bodies approximately 100 m in size are among 
the weakest in the Solar System30. Their studies thus provide unique 
insights into realistic asteroidal materials.

At decametre sizes, small bodies are most probably fragments  
of bigger bodies, linked to recent disruptions and known asteroid 
families13,19. The associations of unknown asteroids are based on the 
same methodology; on orbits of known objects located close to the 
JWST FoV (Extended Data Fig. 7). More specifically, the Nysa family was 
sampled, together with the Polana, Massalia, Koronis2 and/or Karin 
families (Supplementary Table 1). In particular, the synthetic SFD of the 
Nysa and Polana families exhibit similar slopes that match the obser-
vations in both the shallow and steep regimes (Extended Data Fig. 8). 
According to the collisional model from ref. 31, their ages are on the 
order of 200 and 600 My, respectively. Consequently, sub-kilometre 
bodies should be in a collisional equilibrium. Other families exhibit a 
variety of slopes, especially because some of them are young13. At the 
decametres sizes, we expect the Massalia family to be dominant, as it 
is the source of the most common meteorites14. Nonetheless, when 
asteroids are sampled from several families, the resulting SFD is indeed 
a combination of steep and shallow slopes, resembling the distribution 
of the whole asteroid belt (Fig. 4).

Compared with previous pencil-beam surveys32–35, our observations 
show on one hand a continuation of the shallow slope down to much 
smaller sizes than previously thought (Fig. 3b). For example, observa-
tions obtained by the Hubble Space Telescope35 were only complete to 
V ≈ 23 mag, corresponding to approximately 500 m, and reaching as 
far as V ≈ 28 mag, similar to the deepest ground-based observations6. 
On the other hand, when debiasing the JWST observations, we find 
that the slope is steeper than previously thought, with a clear slope 

increase around 100 m. It is suggestive of the first and long-awaited 
evidence of a population that is evolving by collisions and at the same 
time moving from the main belt to the NEO space12.

Because the transport itself is size-dependent owing to the Yarko-
vsky effect36, the YORP effect37 or thermal disruptions38, the SFD of 
NEOs is substantially different from its source region. Observations of 
more than 30,000 NEOs11,12 confirm a slope transition at about 100 m.  
As the slopes in the NEO region are already known (q = 2.83 ± 0.04 and 
1.64 ± 0.02; according to ref. 39), JWST observations offer the prospect 
of finally constraining transport mechanisms.

Prospects and planetary-defence efforts
Looking ahead, it is anticipated that JWST will be observing 15–20 
exoplanet host stars for at least 500 h with MIRI40—a first step on the 
roadmap for the atmospheric characterization of (warm) terrestrial 
exoplanets41, following a similar observing strategy to that followed 
to acquire the data used here42,43. As a large fraction of the host stars 
amenable for such studies are fortuitously found within 20° of the 
ecliptic, these 500 h will yield hundreds more decametre asteroids. 
Also, an average of about 1,800 h of MIRI observations were gathered 
per cycle in cycles 1 to 3. We thus expect that JWST will detect thou-
sands of decametre asteroids per cycle. Such a substantial increase 
in sample size—especially if combined with a multivisit observation 
strategy to recover orbits precisely and multiband observations to 
constrain the thermal and rotation properties of the objects—will 
reduce substantially the uncertainties on the SFD slope, allowing to 
disentangle between different families and study the source regions 
of meteorites13,14,31 ‘in situ’.

Beyond the detection of asteroids that are otherwise undetectable, 
JWST can also yield infrared rotation curves of large (that is, ≳300 m) 
asteroids, thereby allowing their further characterization (Extended 
Data Fig. 4). The insights gained from JWST’s infrared rotation curves of 
asteroids will be particularly valuable in two ways. First, their precision 
greatly exceeds their counterpart in the visible. Second, unlike visible 
rotation curves, they are mostly insensitive to surface topography, 
which results in reduced degeneracy with the albedo (similar to the 
size-estimation process in the infrared). As rotation rates can inform 
the origin and evolution of the asteroid family44–46, their relationship 
to the break-up barrier47 and even be used to derive their internal 
properties during close encounters48, JWST is also poised to further 
our understanding of asteroid families and meteorite source bodies 
through rotation measurements.

There is thus a great deal of synergy between JWST and other 
facilities dedicated to the study of minor bodies, such as the Rubin 
observatory49—an all-sky survey in the visible aiming at discoveries of 
100-m asteroids—and the Near-Earth Object Surveyor mission50, with 
its unprecedented potential for the discovery and characterization of 
NEOs. Combining the expected discoveries of such dedicated facili-
ties with the capabilities of JWST presented here will finally allow to 
constrain dynamical and collisional models all the way down to 10 m.

This synergy will extend beyond scientific endeavours and support 
planetary-defence efforts. Although planetary defence often seems to 
be associated with preventing events such as the impact that led to the 
extinction of the dinosaurs51, decametre objects offer non-negligible 
threats that occur at much higher rates—rates are proportional to D−2.7, 
leading to decametre impactors being roughly 10,000 times more 
frequent than kilometre-sized ones2. Decametre objects can lead to 
megaton explosions, leaving behind kilometre-sized craters. They 
are in fact at the origin of relatively recent events of importance on 
Earth, such as Chelyabinsk10, Tunguska3, Barringer4 or Steinheim5. The 
capability of JWST to observe decametre objects all the way to the main 
belt (including NEOs at their aphelion) while deriving tighter (that 
is, nearly albedo-independent) sizes highlights its unique capability 
to monitor and study with great precision possible future impactors 
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detected closer to Earth by other surveys, thereby making JWST an 
important asset for future planetary-defence efforts.
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Methods

JWST image processing
Data from PIDs 1177 and 2304 were acquired with JWST/MIRI in October 
and November 2022 using FULL subarray mode, resulting in 112″ × 113″ 
(1,024 × 1,032 pixels2) FoV. Data from PID 3077 were obtained in Novem-
ber 2023 in BRIGHTSKY subarray mode, resulting in a smaller FoV of 
56.3″ × 56.3″ (512 × 512 pixels2). All programmes used the F1500W filter 
and FASTR1 readout mode.

For our asteroid search, we downloaded exposure raw data products 
(*uncal.fits files) from the Barbara A. Mikulski Archive for Space Tel-
escopes. Then we ran stages 1 and 2 JWST Science Calibration Pipeline 
version 1.13.4 to produce calibrated *calints.fits files. These files are 
single exposures containing results for all integrations in an exposure 
with world coordinates and photometric information. Every *calints.
fits 3D data file was sliced into a set of 2D data files containing the pixel 
values for each integration with exposure time of 38.9 s for PIDs 1177 
and 3077 and 36.1 s for PID 2304. For PIDs 1177 and 2304, we trimmed 2D 
data files to exclude parts of the detector designed for coronagraphic 
imaging, resulting in a useful FoV of 72″ × 113″ (654 × 1,032 pixels2). Each 
2D data file was then corrected for sky background using the Photutils53 
Python software package. Background-subtracted images were then 
searched for any moving objects that happen to cross the FoV.

Detection of asteroids using synthetic tracking and their flux 
estimation
We used our custom-build wrapper18,24 around the Tycho Tracker54 
synthetic tracking software to explore a wide range of motion vectors 
and generating trial exposure stacks for each vector. No restrictions on 
position angle were used and speed was in the range 0.001–1.200 arc-
sec min−1. Our speed limits were set to enable detection of objects mov-
ing as slow as 0.5 pixels per hour and fast-moving objects streaking 
up to 10 pixels in a single integration. Each trial exposure stack was 
computed by shifting the exposures according to the motion offsets 
associated with the current vector. If an object had motion similar to 
that of the given vector, it was extracted from the trial exposure stack 
by the detection process. We grouped images to detect faster-moving 
objects by dividing the image sequence from one JWST visit into over-
lapping groups of 100 exposures, ensuring the detection of an aster-
oid if it appears in at least 50% of the group’s images. After detecting 
fast-moving objects, we performed a search for slower-moving objects 
by searching all of the images from one JWST visit (up to 350 exposures 
for PIDs 1177 and 2304 and up to 1,000 exposures for PID 3077). A set of 
candidate detections (tracks) was returned with corresponding speed, 
position angle, pixel coordinates and SNR of detection.

We cross-matched every track with already known objects using the 
NASA Jet Propulsion Laboratory ( JPL) Small-Body Identification API 
(https://ssd-api.jpl.nasa.gov/doc/sb_ident.html). A match was made 
if a known object was positioned within 0.1′. We were able to detect 8 
known asteroids and 138 unknown asteroids with SNR ≥ 5 (Extended 
Data Table 1 and Supplementary Table 1).

We measured the flux of each asteroid using aperture photome-
try, using a circular aperture with a radius of 2.5 × full-width at half- 
maximum (FWHM) of the asteroids’ point spread function (PSF) in 
the shifted and stacked image. The sky background was measured in 
an annulus beyond the asteroid aperture using a median sky-fitting 
algorithm. The annulus had a radius of 4 × FWHM and a width of 
2 × FWHM. We applied similar aperture photometry to estimate the 
flux of the TRAPPIST-1 star (the only stellar object in the FoV) and cal-
culated the flux ratio of each asteroid to TRAPPIST-1. Previous studies42 
have shown that the absolute flux of TRAPPIST-1 in the F1500W band 
is stable at 2,590 ± 80 μJy. We determined the absolute flux values of 
the asteroids using this reference flux of TRAPPIST-1. Flux estimates 
and their associated errors can be found in Extended Data Table 1 and 
Supplementary Table 1.

For the 15 asteroids crossing the PSF of TRAPPIST-1 or detector arte-
facts, we derived their fluxes based on several stacks of integrations 
that do not include crossing. We note that the same procedure of using 
several stacks of integrations was used to check for flux consistency 
for all objects.

We do not perform colour correction here as it is mostly constant 
between asteroids and thus does not affect the derived SFD (our core 
finding). Colour corrections for the MIRI bands were discussed in ref. 15 
and are needed because the spectral energy distribution of the ref-
erence (typically a calibration star, here TRAPPIST-1) is substantially 
different from the asteroids across the MIRI bandpass. For typical NEO 
and MBA temperatures between 200 and 400 K, these corrections are 
only 1% in the F1500W band. Only for very distant objects (effective 
temperatures of 100 K or below) would the required colour correction 
reach the 5% level. We thus omitted this correction, as the final diameter 
errors are dominated by the orbital uncertainties. Future studies target-
ing individual asteroid detection (rather than performing population 
studies, as done at present) will require such colour corrections.

Asteroid detection efficiency
We conducted a series of injection-recovery tests to evaluate our 
asteroid-detection efficiency. We injected a 4 × 11 grid of synthetic mov-
ing objects, each with various flux values (see below), into 100 72″ × 113″ 
(654 × 1,032 pixels2) FITS files from PID 1177. Synthetic objects were 
placed in such a way that they spend all the time (approximately 1 h) 
in the FoV, had random position angles from a uniform distribution 
between 70 and 80° and random speeds sampled from an actual speed 
distribution of the detected objects (0.02–1.10 arcsec min−1). Before 
running the synthetic tracker, we subtracted the sky background. 
After completion of the synthetic tracking, we compared the detected 
objects with the injected ones. We repeated this test four more times 
for the same flux value as a sensitivity analysis for our estimated 
recovery rate as a function of flux. In total, we performed 11 sets of 
injection-recovery tests with objects having flux values of 3.50, 3.00, 
2.50, 2.00, 1.50, 1.25, 1.00, 0.75, 0.50, 0.25 and 0.1 μJy. Our recovery 
rate is ≥80% for objects down to 1.5 μJy (Extended Data Fig. 1), which 
then decreases to 50 ± 2% at 1.1 μJy. The derived cutoff is 1.1 μJy, with 
an observation bias starting at about 1.5 μJy (39 out of 138 unknown 
objects have fluxes smaller than 1.5 μJy). This translates to an obser-
vational bias emerging in the 20–40-m-diameter regime with a sharp 
cutoff by about 10 m.

For false positives, as seen in other asteroid search surveys, spurious 
associations of noise can coadd and lead to apparent signals that may be 
identified as possible detection55,56. Such noise patterns, however, typi-
cally manifest as a handful of bright pixels on the shifted and stacked 
image. By contrast, our confirmed detections exhibit tens of bright 
pixels arranged in a symmetric PSF, which is clearly distinguishable 
from the background (Fig. 1b and Supplementary Fig. 1). To confirm 
that aspect, we selected a series of data cubes in which we detected 
objects and performed numerous random perturbations of the image 
timestamps to assess whether spurious associations of noise could lead 
to convincing false positives. Out of these dozens of random perturba-
tions for five different observing epochs, none of the best detection 
candidates presented more than a handful of bright pixels arranged 
symmetrically and thus look like the 138 detections shown in Supple-
mentary Fig. 1. Also, most of these spurious detections do not appear 
in both the first and second halves of the shifted and stacked images, 
a clear flag for a spurious signal.

Orbit estimations
To estimate the sizes of the unknown asteroids from their infrared 
fluxes, we require their positions at the time of observations with 
respect to the Sun and JWST (observer), that is, observer–target (O–T) 
distance, Sun–target (S–T) distance and the corresponding S–T–O 
phase angle. Owing to the short duration of the asteroids’ arcs in our 
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data, a large ensemble of possible orbital configurations exist for each 
object—even in the case of the longest observing arc of 8 h of unknown 
asteroid #91. To overcome this bottleneck, we developed a method 
using ensembles of orbital configurations of known objects that are 
present around JWST FoV as proxies (or priors) to derive posterior 
probability distributions of O–T and S–T distances and S–T–O phase 
angles for unknown asteroid distances. We assume that unknown aster-
oids must be related to faint known asteroids, because the former are 
fragments of bigger bodies (either released just after a break-up or 
created by collisional cascade), that is, they are genetically linked13,14.

For every JWST visit, we obtained a list of all known asteroids pre-
dicted to be within a 6 × 2 degree2 (RA × dec.) reference field around 
the TRAPPIST-1 star using the JPL Small-Body Identification API. We 
queried JPL Horizons API (https://ssd-api.jpl.nasa.gov/doc/horizons.
html) for the speed, position angle, O–T distance, S–T distance and the 
corresponding S–T–O phase angles for each known asteroid. Then, 
every unknown asteroid was placed in the speed/position angle param-
eter space and known objects in their proximity were used as proxies/
priors to constrain their orbital configuration (Extended Data Fig. 2).

We first used a series of ellipses to select proxies within a certain 
distance of each unknown object and test the sensitivity of the inferred 
properties. The proxy1s ellipse is defined as an ellipse with width of 5% 
of the unknown object’s speed and an absolute value 0.5° for position 
angle (which correspond respectively to the typical 1σ uncertainties on 
measured speed and position angle by our pipeline). The proxy3s and 
proxy10s ellipses are 3 × proxy1s’s and 10 × proxy1s’s ellipses, respec-
tively. We assigned a distance to a particular unknown asteroid as a 
mean value of O–T distances to each proxy, that is, known asteroids 
in different ellipses. We carried out similar calculations to the S–T dis-
tances and the corresponding S–T–O phase angles.

We assessed the sensitivity of our distance estimates to different 
sizes of the reference field around the TRAPPIST-1 star, which con-
firmed negligible dependencies when compared with the derived 
uncertainties (that is, spread in O–T distance, S–T distance and S–T–O 
angle). As a proof of concept, we tested this method on eight known 
asteroids observed at different epochs. We removed their true speed 
and position angle values from the speed/position angle parameter 
space and treated them as unknown objects. We found that, in all 
instances, the proxy3s and proxy10s ellipses provide enough proxies 
to yield estimates within 1σ of the true values—1σ error bars are typically 
between 0.2 and 0.3 au. Extended Data Fig. 3 shows an application of 
the method to the eight known asteroids. All of the known and derived 
properties of the eight ‘validation objects’ are reported in Extended 
Data Table 1.

Although we observed that the proxy3s and proxy10s ellipses provide 
enough proxies to yield reliable estimates, we also observe that, for a 
handful of known asteroids, the proxy10s ellipses lead to substantially 
larger uncertainties owing to a large number of proxies associated 
with different families joining the sample. Also, we noticed that the 
approach aiming at using fixed ellipses in the speed/position angle 
parameter space can lead to a large amount of discrepancies between 
the number of proxies returned for each object. In a final application 
of this proxy-based approach, we search for a convergence of both the 
estimated distances and the uncertainties on these distances by using 
the N closest proxies. We find that, for all but asteroids #66 and #106, the 
values converge and are stable when 10 ≤ N ≤ 25 (example in Extended 
Data Fig. 2c). Below about ten proxies, small-number statistics lead to 
biases on the estimated orbital configuration and related uncertainty. 
Above about 25 proxies, we often start sampling other populations, 
leading to artificially larger uncertainties (and often a small bias on 
the orbit estimation, drifting with increasing N). For asteroids #66 
and #106, these are flagged as possible NEOs (Extended Data Table 2),  
which have very few close proxies and have, among the closest 25 prox-
ies, one or more outliers, which we remove manually to avoid biases. 
We present the example of asteroid #66 in Extended Data Fig. 2d). 

Unknown asteroid #66 is probably a NEO observed close to aphelion 
and has a limited number of close proxies. As a result, its 19th and 20th 
closest proxies are clear outliers (specifically trans-Neptunian objects, 
2000 OJ67 and 2000 PN30), leading to a sudden jump of its derived 
uncertainty (blue curve). For all other asteroids, we use the 17 closest 
proxies under the label ‘proxy17n’.

To complete our validation, we turned to a larger sample of known 
objects, randomly selecting a total of approximately 20,000 known 
asteroids in the reference field across all epochs and assessing their 
distance through proxy17n. Doing so, we find that the median devia-
tion between true distance and estimated distance is 0.007 au with a 
standard deviation of 0.24 au. Considering the uncertainties associated 
with each individual proxy17n estimation (typically between 0.2 and 
0.3 au, as mentioned above), this shows an excellent match between the 
spread at the population level and the uncertainty at the level of indi-
vidual estimates. We find that only 0.85% of the 20,000 asteroids have 
an estimated distance more than 3σ away from truth, which is consistent 
with the distribution and small-number statistics considering our main 
sample size (138). Also, all of these outliers seem to be automatically 
flagged as outliers, as their proxy17n distance estimates return large 
individual uncertainties (tapping into different populations).

Assessing the probable association of the unknown objects
For each of the 138 unknown objects, we estimated their probable asso-
ciations to individual populations. We used the same lists of known 
asteroids (proxies) close to the FoV and plotted their proper orbital 
elements (semimajor axis ap, eccentricity ep, inclination ip). If most of 
the proxies for an object were located close to a known sizeable family19, 
we assessed this association as probable. We also verified the respec-
tive speed and position angle of unknown asteroids. If they were too 
low, too high or too offset with respect to typical values of MBAs, the 
associations were the NEOs, Hildas or trojans. If the number of known 
objects was too limited or they were too scattered, we do not report 
any association. Our results are summarized in Extended Data Table 2.

On the expected population of NEOs crossing the FoV
To assess the sensitivity of this pencil-beam survey to the NEO popu-
lation, we derived the fraction of NEOs in the 6 × 2 degree2 reference 
field introduced in the previous section. We found that only 1.1% of 
all known objects predicted to be within the reference field at each 
observing epoch are NEOs. Given that we detect about 130 MBAs, this 
means that roughly 1.5 NEOs could be expected.

We used the derived position angle and speed to assess for the prob-
able association of each detection and found that up to six objects 
could be NEOs (Extended Data Table 2). This difference is a natural 
consequence of the facts that: (1) JWST/MIRI observations were carried 
out in the mid-infrared, making them sensitive to much smaller sizes 
(sub-kilometre versus decametre), as NEOs are hotter, and (2) the SFD of 
NEOs is steeper than the SFD of the MBAs owing to the size-dependent 
transport. We thus consider our results to be consistent.

Debiasing the absolute magnitudes of asteroids
The size calculation of known asteroids relies on refined and debi-
ased absolute H magnitude estimates of asteroids, which were derived 
through a new correction method, DePhOCUS57. The method performs 
debiasing of astro-photometric observations from the Minor Planet 
Center (MPC) with corrections using a statistical analysis based on an 
accurate reference of 468 asteroids with more than 450,000 observa-
tions in total. The method allows a derivation of 17 revised notable 
colour bands, 90 catalogue and 701 observatory corrections (signifi-
cance level P = 0.90), which lead to a reduction of more than 50% in 
the root mean square (r.m.s.) of the asteroids’ phase curve and a more 
accurate estimation of the parameters of the H–G phase curve model, 
in which G is the slope parameter. We used the corrections to debias the 
observations at the MPC for all known asteroids in the present study 
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and compute the absolute H magnitude values and their uncertainties, 
assuming G = 0.15.

Size and albedo determination
We performed radiometric analysis of all detected asteroids using the 
Near-Earth Asteroid Thermal Model (NEATM58). The NEATM was origi-
nally developed for near-Earth asteroids but is now also widely applied 
to asteroids in the main belt and beyond (see, for example, refs. 59–61). 
In this model, the asteroids are approximated by non-rotating and 
smooth spheres that are in instantaneous thermal equilibrium with 
the incident solar radiation. This allows to calculate the temperature 
of each surface element through μ × (1 − A) × Ssun/r2 = ϵησT4, in which μ is 
the cosine of the angle between the element’s normal and the direction 
towards the Sun, A the bolometric Bond albedo, Ssun the solar incident 
energy at 1 au, r the heliocentric distance, ϵ the emissivity (a fixed value 
of ϵ = 0.9 is taken) and σ the Stefan–Boltzmann constant. The infrared 
beaming parameter η was introduced as a free parameter. It can be 
determined from a fit to multiband infrared measurements (as origi-
nally done in ref. 58) or calculated from published linear phase-angle 
relations (for example, refs. 59,61,62). For specific asteroid groups, 
average η values are often taken, for example, η = 1.4 for near-Earth 
asteroids63, η = 1.2 for Mars-crossing asteroids60, η = 1.0 for MBAs59, 
η = 0.77 for Hildas and Jupiter trojans64 or η = 1.2 for trans-Neptunian 
objects65. Reference 59 also gave η distributions for inner, middle and 
outer main-belt objects, with peak values at around 0.95–1.10 for inner, 
0.9–1.0 for middle and 0.85–0.95 for outer MBAs. For the interpretation 
of our single-band data, it is not possible to determine object-specific 
η values from the measurements. Therefore, we took the η relation 
in ref. 61: η(α) = 0.76(±0.03) + (0.009 ± 0.001) deg−1. This relation is 
based on the analysis of more than 5,000 asteroids, all observed in 
two broad bands at 9 and 18 μm. As both bands are close to the MIRI 
F1500W band, we consider this solution as the most appropriate for 
our analysis. However, instead of the given parameter error, we use 
a more conservative η error of ±10% for the NEATM size and albedo 
calculations.

For very small asteroids (on the decametre scale), the NEATM model 
is not well tested. Also, small objects tend to spin faster66. In this case, 
their surface temperature would be better described by the isothermal 
latitude model (ILM) or fast-rotating model (FRM)67 (see also discus-
sions in ref. 68). We tested the impact of these model assumptions for 
the size calculation of typical MBAs. The smallest-size objects are only 
detected at small heliocentric distances <2.5 au and seen under phase 
angles between 20° and 30°. Assuming that such fast-rotating asteroids 
are nearly isothermal (modelled by a beaming parameter of 3.14 and 
lacking flux changes with phase angle), we find that the FRM-derived 
sizes are about 1.5–1.6 times larger than the default NEATM-derived 
sizes. However, the size and rotation-rate limits for the NEATM-to-FRM 
transition are not known. Reference 69 found beaming parameters of 
1.0–1.5 (very similar to our NEATM calculations) for about 50 NEOs with 
sizes between about 8 m and about 100 m. Reference 70 looked at the 
Yarkovsky semimajor axis drift rate of a rapidly rotating asteroid. They 
found an unexpectedly low thermal inertia, indicative of a highly porous 
or cracked surface. Both studies show no indications that fast-rotating 
decametre objects are predominantly isothermal and thus support the 
use of the NEATM over the FRM.

Although we recommend that future observations aim for immediate 
follow-up of detections (within a few days) to place tight constraints 
on the orbit and are performed in a different MIRI band to inform the 
thermal and rotation properties of the detections, we note that the core 
result of our findings (namely, a steep SFD downward of about 100 m) 
is independent from using the NEATM or the FRM. Indeed, using one or 
the other below a certain size primarily results in multiplying all sizes 
by a factor of roughly 1.5, thereby keeping the SFD slope constant. Also, 
that possible transition is expected at small sizes below our cutoff at 
about 40 m for the slope estimate.

Properties of the eight known asteroids
The errors in H magnitude, η and the measured flux are all considered 
in the NEATM calculations. An absolute flux error of 6% (10%) leads 
approximately to uncertainty of 3% (5%) for the size and 5% (9%) for the 
albedo, whereas the 10% higher (lower) η value increases (decreases) the 
size. For these known asteroids, the dominating sources of uncertainty 
for the size estimates are the assumptions for η and the absolute uncer-
tainty for the fluxes, whereas for the albedo, the large uncertainty in H 
magnitude drives the final errors. Extended Data Table 1 summarizes 
the NEATM input values and our findings for the eight known asteroids 
among the serendipitous detections.

Among all known asteroids, (194793) 2001 YP90 was observed by 
JWST continuously for the longest period of time (3 h) and the data 
show substantial flux variations, indicating an elongated body 
(Extended Data Fig. 4) with a minimum (maximum) flux of 550 μJy 
(1,300 μJy). These flux values translate into diameters of 640 ± 43 m 
(922 ± 70 m) and albedo values of 0.51−0.14

+0.17 (0.24−0.07
+0.10). Calculated diam-

eters at minimum and maximum flux are first-order estimates for the 
elongation of the asteroid. Diameters and albedos reported in Extended 
Data Table 1 were calculated using an average flux of 1.03 μJy. The 
obtained JWST light curve is in good agreement with the data from 
ground-based telescopes (see the section ‘Follow-up observations of 
the eight known asteroids’).

Albedo values of asteroid 152630 (1997 GP4) derived from our radi-
ometric analysis (p = 0.29V −0.08

+0.12 ) are in agreement with the expected 
value for S-type asteroids (0.26 ± 0.09 (ref. 71); see the section ‘Follow- 
up observations of the eight known asteroids’).

Out of the eight known MBAs, only (472944) 2015 GH28 has a pub-
lished radiometric diameter. Reference 59 used 11 W3-band measure-
ments from the WISE/NEOWISE spacecraft (from 15/16 February 2010, at 
rhelio = 2.45 au, Δ = 2.23 au, α = 23.8°, W3 band centre at 12 μm) to derive a 
size of 2,290 ± 390 m; no albedo was determined. This is in good agree-
ment with our findings.

Properties of the objects with unknown orbits
For newly detected objects, we used the previously introduced 
population-driven constraints on their orbits (see the section ‘Orbit 
estimations’) to transform the measured F1500W fluxes into size 
estimates. As neither H magnitude nor albedo are known, we simply 
determined a default NEATM size and took the unknown properties into 
account when we estimate the size error. The procedure is described 
by the following steps:
1.	 We use the calculated O–T distance, S–T distance and the corres

ponding S–T–O phase angles from the 17 closest proxies (proxy17n) 
for each object.

2.	For each of the proxy17n geometries, we translated the measured 
flux into a radiometric size through the NEATM. The NEATM calcu-
lations are performed for a geometric V-band albedo pV = 0.15 and 
a beaming parameter η, which is calculated for the specific S–T–O 
phase angle (see the section ‘Size and albedo determination’). The 
corresponding 17 sizes (per unknown object) are averaged.

3.	The size error calculation take the following parameters into  
account: (1) standard deviation of the 17 proxy sizes (a typical 10% 
uncertainty on O–T translates into a 10% size uncertainty; the same 
is true for S–T); (2) absolute flux error (with a 10% flux error translat-
ing into a 5% size error); (3) further 5% size error originating from 
the 10% accepted variation in the beaming parameter; (4) size er-
ror introduced by the unknown albedo: a pV = 0.05 (0.30) object (in 
comparison with pV = 0.15) would give an approximately 2% larger 
(about 3% smaller) size. The first three error contributions have a 
nearly Gaussian distribution and are added quadratically. The albedo 
component is added at the end in a linear way, as we do not consider 
it an independent variable but rather account here uniformly for its 
whole range of possible values.
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It is important to note that the derived size range for each object is 

dominated by the range of possible geometries and, for the low SNR 
detections, also by the absolute flux error. The different assumptions 
for the albedos and the beaming parameter are almost negligible in 
the radiometric size determination. All of the properties of the 138 
new detections are reported in Supplementary Table 1.

For a validation of the method, we handled the eight known asteroids 
in exactly the same ways as the 138 unknown ones. The resulting solu-
tions are shown in Extended Data Fig. 3 (based on S–T, O–T and S–T–O 
values derived from the orbital properties of proxy17n). The derived 
size ranges are very similar and agree within the error bars very well 
with the solutions given in Extended Data Table 1, for which their true 
orbits were used. The asteroids are reported in the same order as in 
Extended Data Fig. 3 and in Extended Data Table 1, that is, asteroid #1 
is 2011 SG255 and asteroid #8 is (472944) 2015 GH28.

Follow-up observations of the eight known asteroids
We conducted ground-based follow-up observations of a set of known 
asteroids in our sample to better characterize their phase curve, colours 
and rotation period and amplitude. Observations of (194793) 2001 YP90 
and 2021 FR9 were acquired with the 1-m Artemis telescope72 of the 
SPECULOOS network73 and with the 0.6-m TRAPPIST-North74 telescope. 
2021 FR9 was observed between 2 and 10 February 2024 at solar phase 
angles ranging from 1.8° to 4.3°. The photometry and magnitude cali-
bration to the Johnson V band was performed using the Photometry 
Pipeline75. 2001 YP90 was observed between 1 February and 9 March 
2024 at solar phase angles ranging from 2.9° to 20.9° and included 
longer observation runs to determine its rotation period. We deter-
mined a period of 5.7701 ± 0.0001 h and a relatively large amplitude of 
0.87 ± 0.10 mag, indicating an elongated body (Extended Data Fig. 4).

A series of exposures with SDSS griz filters were also obtained for 
the asteroids 2001 YP90 and 1997 GP4 on 16 February with the 4.3-m 
Lowell Discovery Telescope (previously known as Lowell’s Discovery 
Channel Telescope)76. These spectro-photometric observations allowed 
to determine the taxonomic types for these two bright asteroids. For 
2001 YP90, the taxonomic fits r.m.s. values suggest that a K type is the 
only good fit to the data. Derived values of albedo from our radiometric 
analysis (see the section ‘Properties of the eight known asteroids’) are 
also compatible with K-type asteroids. For 1997 GP4, Sr type is the best 
fit but S or Sq types are close in terms of r.m.s. (Extended Data Fig. 5).

On the information content and sensitivity of the SFD
Before interpreting the SFD, we assessed its sensitivity to uncertain-
ties and biases to determine the size regime over which its informa-
tion content can reliably be translated into scientific inferences. 
First, we developed a framework to adequately propagate the large 
uncertainties (Fig. 3a) on the asteroid sizes onto the SFD. To do this, 
we followed the Monte Carlo method52 and generated an ensemble of 
10,000 randomly perturbed diameters for each asteroid (Fig. 3b, grey 
curves). As discussed in the previous section, the size uncertainties 
are primarily driven by the uncertainty on the orbital configuration 
(O–T and S–T each contribute roughly 10–15%), in comparison with the 
contributions from the flux, beaming parameter and albedo uncertain-
ties respectively contributing to a size uncertainty of about 3–10%, 
about 5% and about 2–4%. The probability distributions of the main 
variables/contributors (O–T, S–T and flux) are found to follow Gaussian 
distributions. The probability distribution for the beaming parameter 
only marginally deviates from a Gaussian for the present application, 
whereas the albedo is best approximated by a uniform distribution 
between 0.05 and 0.30. The size uncertainty thus primarily follows 
a uniform distribution with an average relative standard deviation of 
σD/D ≈ 25%, in which σD is the size uncertainty.

We note that, owing to the transformation from linear (sizes) to log 
(SFD) space, the uncertainty distribution on the SFD is asymmetri-
cal. This means that the SFD derived from the median sizes does not 

correspond to the actual median SFD. Therefore, not accounting for the 
size uncertainties when deriving the SFD estimates can lead to biases 
when the size uncertainties are important (especially in the regime 
driven by large Gaussian uncertainties owing to the wings of their dis-
tribution). In the present case, not accounting for the size uncertainty 
leads to an SFD estimate biased towards larger slope.

Similarly we note that it is pivotal to account for the expected dis-
tribution of uncertainties as well as the sample size when building the 
models to be compared with the SFD. Indeed, standard theoretical 
models are built assuming that a large number of asteroids are observed 
with a great precision on their sizes, which is not true in practice. To 
highlight that aspect, we offer the following simple case: a theoreti-
cal population in which all objects have the exact same size leading 
to a vertical SFD. Yet, any observation of this population will always 
return a spread of values owing to uncertainties on each individual 
size measurements, which will result in a sloped SFD. That apparent 
slope will be dependent on the uncertainty of the size estimates and 
the number of objects detected. Extended Data Fig. 6a further devel-
ops this point by comparing the true slope of an SFD to its apparent 
slope as a function of the measurement uncertainty considering here 
uncertainty distributed primarily in a Gaussian fashion. It shows that, 
for a regime in which σD/D ≳ 5%, the apparent slope is systematically 
shallower. For the present study, it shows that the slopes of qS ≈ −1.5 
and qB ≈ −0.85 respectively found for small and big sizes (transition at 
about 100 m, match with true (that is, debiased) slopes of qS,deb ≈ −2.66 
and qB,deb ≈ −0.97). We use this slope mapping to debias our SFD and 
match with theoretical models (Fig. 4).

We note that, for the size-uncertainty regime of this study, a wide 
range of true slopes match with the observed qS = −1.47 ± 0.13 (Extended 
Fig. 6a). This results in a posterior probability distribution on qS,deb 
that is substantially wider than qB,deb (respective spread: 0.60 versus 
0.14; Extended Data Fig. 6b). Future studies increasing the number of 
detections and/or the orbital constraints (for example, with a multi-
visit follow-up strategy) will help reduce the uncertainties on the SFD, 
thereby allowing to disentangle between different families and study 
the source regions of meteorites13,14,31 ‘in situ’.

We then investigated observational biases (or sensitivity limits). The 
first bias of observational origin relates to our detection threshold at 
about 0.5 μJy. This threshold corresponds to a decrease in recovery 
rate that emerges around 1.5 μJy and translates into an observational 
bias emerging in the 20–40-m-diameter regime with a sharp cutoff by 
about 10 m (Fig. 3a and Extended Data Fig. 1), meaning that the current 
SFD cannot be readily used beyond 40 m. At the other end of the size 
regime, large asteroids crossing the FoV are rare owing to their lower 
occurrence rates. Therefore, the SFD derived from their detection is 
affected by small-number statistics. To assess the size threshold above 
which this occurs, we generated synthetic populations of one million 
objects with exponents ranging from q = −2.0 to q = −0.7—N(>D) = CDq—
and drew 10,000 random batches of 150 asteroids to assess the size 
regime over which the derived SFDs present an adequately small vari-
ance given our number of detections.

We find that the size cutoff for the sampling bias is dependent on the 
exponent, with a size cutoff ranging from 70 m for q = −2.0 to 1,200 m 
for q = −0.7 (Extended Data Fig. 6c,d). Through a series of draws (for 
example, Extended Data Fig. 6c) and for different q exponents, we 
find that the best marker for identifying the size cutoff (that is, when 
the slope starts diverging from the true slope) is N ≤ 7. In other words, 
small-number statistics is the best marker for this sampling bias at 
large sizes.

This finding also shed lights on the substantial tension between the 
SFD estimate in the 40–100-m range and the number of ‘large’ asteroids 
found (N(>300 m) = 9). Indeed, the likelihood of a sample of 150 aster-
oids with a q = −1.45 to also present N(>300 m) = 9 is roughly 1:10,000 
(that is, ≳4σ). This provides further support to the fitting of the SFD with 
a shallower slope beyond about 100 m, at which a transition is seen.



Interpretation of the SFD
Knowing which population has been sampled by our JWST observations 
is key for an interpretation. According to Extended Data Fig. 7, orbits 
of known faint objects located close to the JWST FoV are not evenly 
distributed across the main belt. Instead, they are associated to selected 
asteroid families, namely, to Polana, Nysa, Massalia, Koronis2 or Karin, 
which are both populous and preferentially close to the ecliptic plane, 
similar to the TRAPPIST-1 star. See Supplementary Table 1 for details.

The observed SFDs of individual families are substantially different 
(for example, Extended Data Fig. 8). Some of them are steep down to 
the observational limit, which occurs at about 1,000 m, depending 
on the respective heliocentric distance and albedo. Others exhibit 
a distinct break at around 5,000 m, below which the slope becomes 
shallower, with the exponent approximately −1.5, characteristic of a col-
lisional equilibrium at kilometre sizes. This is most probably the result 
of long-term collisional evolution of families13,14. In other words, young 
families (Massalia, Koronis2 and Karin) have a steep SFD, whereas old 
families (Polana, Nysa and so on) have a shallow SFD at sub-kilometre 
and decametre sizes.

Data availability
The data used here are publicly available on the Mikulski Archive for 
Space Telescopes (MAST) at the Space Telescope Science Institute 
(STScI) and are associated with programmes 1177, 2304 and 3077, 
with T.P.G., L.K. and M.G. as principal investigators, respectively. The 
processed JWST images used to create Fig. 1 are available under the 
‘JWST TRAPPIST-1’ dataset on the Tycho Tracker website at https://
www.tycho-tracker.com/download. Astrometric measurements of 
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are provided with this paper.
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Extended Data Fig. 1 | Completeness test and recovery rate. a, Fraction of 
recovered synthetic asteroids as a function of their flux based on injection- 
recovery tests to assess the completeness of our search and correct the derived 
SFD. The shaded area represent the 1σ deviation from the reported rates seen 
across a range of injections. The derived cutoff is 0.5 μJy, with an observation 

bias starting at about 1.5 μJy (that is, at the 20–40-m size regime). b, Ensemble 
of cumulative SFDs built from 1,000 perturbed asteroid diameters to propagate 
the size uncertainties onto the SFD estimate (median in grey) by means of  
the Monte Carlo method52, together with the SFD debiased for brightness- 
dependent recovery rate (blue).



Extended Data Fig. 2 | Proof-of-concept application of population-based 
estimation of a distance to an asteroid. a, Speed (v) and position angle (PA) of 
asteroid 2004 GH89 (black dot) compared with an ensemble of other known 
asteroids close to the FoV at the time of the observation (grey dots), together 
with proxy1s, proxy3s and proxy10s ellipses (blue, red and green, respectively) 
used to select neighbours/proxies and the final 17 proxy17n proxies used 
(orange). b, Histogram of heliocentric distances (S–T) from the different 
ensembles of proxies compared with the true value (black line), confirming that, 
with an increasing number of proxies (N), the derived orbital configuration 
converges towards truth. c, Estimated heliocentric distance (black) and its 

uncertainty (blue) for asteroid 2004 GH89 as a function of N. For N ≪ 10, small- 
number statistics can bias the derived distance and yield an artificially large 
associated uncertainty. Beyond N ≈ 20–25, more proxies present new/different 
orbital configurations, resulting in sudden changes in the estimated value 
(otherwise converging) and thus a progressive inflation of the estimated 
uncertainty. d, Same as c but for unknown asteroid #66 (probably NEO) with  
a limited number of close proxies, leading to its 19th and 20th closest proxies 
to be clear outliers (trans-Neptunian objects) resulting in a sudden jump of its 
derived uncertainty.
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Extended Data Fig. 3 | Proof-of-concept application of the population-based 
orbit derivation for the eight known asteroids. Left, derived heliocentric 
distance for the eight known asteroids based on the proxy1s, proxy3s, proxy10s 
and proxy17n neighbours (blue, green, red and orange, respectively) and  
the same for the radiometric diameter inferred from the population-based 
heliocentric distance versus true orbit. Asteroid #8 has a measured size, 
reported in cyan. Right, derived distance from JWST to the eight known 

asteroids and corresponding S–T–O phase angles. For all proxy3s, proxy10s 
and proxy17n estimates for the distances—which are based on a large enough 
(that is, statistically relevant) number of proxies—the existing size and phase 
angles agree to within 1σ, supporting the reliability of the methodology used. 
See asteroid names in Extended Data Table 1, in which they are reported in  
the same order (that is, asteroid #1 is 2011 SG255 and asteroid #8 is (472944)  
2015 GH28).



Extended Data Fig. 4 | Phased rotational light curve of 2001 YP90. 
Photometric observations of 2001 YP90 obtained with the Artemis telescope72 
(in green) indicate a rotation period of 5.7701 ± 0.0001 h and an amplitude of 
0.87 ± 0.10 mag. The red curve corresponds to the MIRI observations shifted to 

the V-band data (−0.35 mag for clarity) and shows a very good match with the 
optical observations in shape and amplitude. The MIRI data uncertainties are 
plotted but are smaller than the markers size.
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Extended Data Fig. 5 | Spectro-photometric taxonomic types of bright 
asteroids 2001 YP90 and 1997 GP4. Data were obtained with SDSS griz filters. 
Best-fit taxonomic types were determined on the basis of minimizing r.m.s. 

residuals between the data and resampled templates of taxonomic types in the 
Bus–DeMeo system. The albedos inferred from our radiometric analysis are in 
agreement with those from taxonomic classifications.



Extended Data Fig. 6 | Information content and sensitivity analysis of a 
SFD. a, True versus apparent q exponent for ensembles of 1,000 samples of  
150 asteroids drawn from a synthetic family, as a function of the relative size 
uncertainty (σD/D). Apparent slopes are consistently shallower as ‘smoothed 
out’ by size measurements following primarily a Gaussian distribution. The 
contours represent the qS = −1.47 and qB = −0.84 slopes observed, which match 
true/debiased slopes of qS,deb ≈ −2.66 and qB,deb ≈ −0.97 for our average size 
uncertainty (dashed line). b, Posterior probability distributions for the observed 

q exponents in the small-size and big-size regimes (qS and qB, respectively, below 
and above the transition at about 100 m) and their debiased estimates (qS,deb and 
qB,deb, respectively). c, SFDs from 3,000 random draws of 150 asteroids from a 
q = −1.45 population of about 1 × 106 asteroids showing consistent slopes until 
about 130 m, owing to small-number statistics (N ≤ 7), the ‘sampling-bias cutoff’. 
d, Relationship between the sampling-bias size cutoff and the q coefficient of a 
population for a sample size of 150 asteroids.
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Extended Data Fig. 7 | Orbital elements of known asteroids located close to 
the field of TRAPPIST-1. All of these asteroids had a similar speed and position 
angle as the unknown asteroids observed by JWST. Their proper semimajor axis 
ap versus the proper inclination sinip (blue circles) is compared with other faint 
MBAs observed by the Catalina Sky Survey85 (grey dots). Their concentrations 

(‘clouds’) correspond to known asteroid families19. Sampling is non-random 
owing to the geometry of JWST observations. Preferentially, the Nysa, Polana 
and Massalia families are sampled, together with other families at low inclinations 
(Koronis2 and Karin).



Extended Data Fig. 8 | Young and old asteroid families have very different 
SFDs between 1,000 and 50 m. A comparison of synthetic distributions of 
asteroid families from refs. 13,14,31 shows that prominent young families 
(Massalia, Koronis2 and Karin) commonly have a steep slope (the exponent 
q ≃ −2.5 up to −4.0), whereas old families (Polana and Nysa) have a shallow slope 
(q ≃ −1.0 to −1.5). This difference results from the fact that hundred-metre-sized 
bodies are the weakest bodies in terms of their strength (that is, energy per unit 
of mass needed for disruption)30. Consequently, their collisional evolution is so 
great that, after approximately 100 Myr, the exponent changes substantially13.



Article
Extended Data Table 1 | Properties of the eight known asteroids

Hfit reports the estimated V-band H magnitudes, Rhelio the heliocentric distances, Δ the JWST-centric distance, α the phase angle, η the infrared beaming parameter, D the diameters and pV the 
geometric V-band albedo. *We assume a ±0.3 mag error for the radiometric size–albedo calculation. **The η values were calculated by means of the η relation given above61, but we allow for 
a ±10% uncertainty (which translates into an extra 5% uncertainty in the diameter calculation and an extra 10% in the albedo calculation). The calculated minimum (maximum) η values for the 
eight asteroids are 0.81 (1.15). ***The detections of the known asteroids all have very high SNRs, but for the size–albedo determination, we took an absolute flux error of 6%, covering the MIRI 
imaging flux calibration, colour corrections (between the stellar and the asteroid spectral energy distribution) and MIRI signal drift uncertainties. For the asteroids #03 (flux below 100 μJy) and 
#08 (located in the coronagraphic part of the MIRI detector), we increased the flux error to 10%.



Extended Data Table 2 | Probable associations of 138 unknown asteroids detected by the JWST to individual populations

According to the measured proper motions and position angles, most of them belong to main-belt families and only a few to NEOs, Hildas and trojans.
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