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ABSTRACT

Context. Near-Earth objects (NEOs) on an impact course with Earth can move at high angular speeds. Understanding their properties,
including their rotation state, is crucial for assessing impact risks and mitigation strategies. Traditional photometric methods face
challenges in accurately collecting data on fast-moving NEOs.

Aims. This study introduces an innovative approach to aperture photometry, tailored to analyzing trailed images of fast-moving NEOs.
Our primary aim is to extract rotation state information for fast rotators.

Methods. We applied our approach to the trailed images of three asteroids: 2023 CX1, 2024 BX1, and 2024 EF, which were either on
a collision course or on a close fly-by with Earth, resulting in high angular velocities. By adjusting the aperture size, we controlled the
effective instantaneous exposure time of the asteroid to increase the sampling rate of photometric variations. This enabled us to detect
short rotation periods that would be challenging to derive with conventional methods.

Results. Our analysis shows that trailed photometry significantly reduces the overhead time associated with CCD readout, enhancing
the sampling rate of the photometric variations. We demonstrate that this technique is particularly effective for fast-moving objects,
providing reliable photometric data when the object is at its brightest and closest to Earth. For asteroid 2024 BX1, we detect a rotation
period of 2.5888 + 0.0002 seconds, the shortest ever recorded. We discuss under what circumstances it is most efficient to use trailed
observations coupled with aperture photometry for studying the rotation characteristics of NEOs.

Key words. methods: observational — techniques: photometric — minor planets, asteroids: general —
minor planets, asteroids: individual: 2023 CX1 — minor planets, asteroids: individual: 2024 BX1 —

minor planets, asteroids: individual: 2024 EF

1. Introduction

Circular aperture photometry is a fundamental technique in
astronomical observations for extracting the flux of point sources
(Howell 1989). Its application extends across various astro-
nomical phenomena, including the characterization of asteroid
absolute magnitudes and spin periods (Mommert 2017).

Asteroids are small bodies in the Solar System orbiting the
Sun. As a consequence, their position relative to stars in the sky
is not fixed and will change at a rate dependent on their rela-
tive motion with respect to Earth. To perform traditional circular
aperture photometry on moving objects, the exposure time has
to be tuned such that the moving object and the stars do not
appear elongated on the image. For most asteroids, this is not
an issue as main-belt objects rarely move at speeds higher than
one arcsecond per minute ("//min).

In the case of near-Earth objects (NEOs; asteroids whose
perihelion distance is smaller than ¢ = 1.3 astronomical units),

* Corresponding author; maxime.devogele@ext.esa.int

traditional aperture photometry encounters unique challenges
due to the rapid motion of these objects against the sky. Their
motion is usually on the order of several ”/min and can reach
very high speeds during a close Earth fly-by. Such a high angular
speed requires short exposure times which, for regular slow-
readout CCD cameras, leads to most of the observing time being
spent on ship readout rather than on-sky observations. This has
prevented the detection of very fast-rotation periods. The short-
est rotation period, P =2.99 s, was found for 2020 HF7 and was
detected using a fast readout camera (Beniyama et al. 2022).
This predicament becomes especially pronounced for newly
discovered objects that are approaching Earth on a close fly-by or
collision trajectory. Poorly known ephemerides can make these
objects challenging to point and track. Not all observatories are
equipped to point and follow un-designated objects. Newly dis-
covered objects initially appear on the NEO Confirmation Page'

I https://www.minorplanetcenter.net/iau/NEO/toconfirm_

tabular.html
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Fig. 1. Example of circular aperture photometry on a 10-second obser-
vation of EF obtained with the TRAPPIST-North telescope (pixel size
of 1.2”/pix). The flux of the target is captured by the first innermost
blue aperture, while the gap between the innermost and second aperture
is ignored. The pixels between the outermost and second aperture (two
red apertures) are used to compute the sky-background level.

before being published in a Minor Planet Electronic Circular and
receiving a formal designation. Regular minor-body ephemeris
services, on which most observatories rely, do not provide
ephemerides for these un-designated objects. Their rapid motion
and variation in motion over short periods of time, which are
often shorter than the typical exposure time, present challenges.
Some observatories need to manually provide motion rates and
cannot adjust them during the observations. The response time
and observation window for these objects are usually on the
order of hours. This does not leave the observer enough time
to experiment with the observing strategy.

For these reasons, and because fast readout cameras are
rarely available, even traditional tracked observations with short
exposure times can lead to both the stars and asteroid appearing
trailed in the image. These observations are hard to analyze, and
even if the asteroid is perfectly tracked, the trailed stars can lie
over the asteroid or the selected background field, rendering the
measurement unusable (see Fig. 1). In this example, the obser-
vation is performed tracking the asteroid. Here, imperfections
in the ephemeris computation cause the trails of asteroid and
stars to appear different, resulting in suboptimal measurements
for both the stars and the asteroid. Therefore, the easiest and
most reliable technique for obtaining high-quality data on these
objects, when only a slow readout time CCD is available, is to
perform sidereally tracked observations, allowing the asteroid to
trail in the images.

In previous work, photometry and astrometry on trailed
observations of near-Earth asteroids mostly focused on fitting
the whole trail (Vere§ et al. 2012). More recently, Bolin et al.
(2024) intentionally trailed their objects and controlled the drift
rate. This makes the stars also appear trailed.

Here, we present an aperture photometry technique that does
not require a precise fit of the trail. In our approach, we take
advantage of the fast speed of the object on the sky and keep
the stars sharp. This allows, in our case, the use of regular cir-
cular apertures for the stars, and we can therefore use them to
calibrate the field both photometrically and astrometrically. The

A211, page 2 of 10

20

N
o

(o))
o

Pixels (1.04"/pix)

80 {8

Photometry aperture

Background apertures
0 20 40 60 80
Pixels (1.04"/pix)

Fig. 2. Example of our square apertures on a trailed observation of BX1
(pixel scale of 1.04"/pix) observed at the Schiaparelli Observatory. The
blue square aperture centered on the trail is used to capture the asteroid
flux. The red square apertures located on both sides of the trail are used
to compute the sky-background level.

method allows us to measure the photometric properties from
images where the object’s trajectory extends across hundreds of
pixels.

We applied this method to three recently observed NEOs
with trailed point spread functions (PSFs). Of these, 2023 CX1
and 2024 BX1 (hereafter CX1 and BX1, respectively) impacted
the Earth on 2023 February 13 and 2024 January 21, respec-
tively. The third one, 2024 EF (hereafter EF), made a close fly-by
at a distance of only 57614.5 + 2.4 km from the Earth’s cen-
ter on 2024 March 4. All of these asteroids are small, with H
magnitudes ranging from H = 29.1 for EF to H = 32.7 for both
CX1 and BXI1. These magnitudes correspond to sizes ranging
from less than 0.5 m (Spurny et al. 2024) to approximately 5 m,
enabling them to display very fast rotation periods (Beniyama
et al. 2022; Thirouin et al. 2016, 2018).

2. Aperture photometry on trailed objects

Aperture photometry on trailed observations of fast moving
asteroids represents a significant departure from conventional
techniques, such as aperture photometry on point-source-like
objects. In traditional aperture photometry, circular apertures are
typically employed to enclose the target positions in the image
and define the background sky brightness, facilitating the mea-
surement of its flux. To perform aperture photometry on trailed
observations of asteroids, we use a square or rectangular aperture
aligned with the direction of the NEO’s trail (see Fig. 2). This
technique maximizes the signal-to-noise ratio of the extracted
photometry over a small section of the trail. We then step along
the trail to collect the photometry as a function of time. In the
following subsections, we go through all the steps that we are
taking to go from a trailed image of an asteroid to a fully reduced
calibrated light curve.

2.1. Preprocessing

The preprocessing steps include all the typical steps usually per-
formed for photometric analysis of astronomical observations
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Fig. 3. Example of a ZP curve of growth for the last observations of BX1

presented in this work. The ZP magnitude increases with the aperture
size until reaching a plateau around 28.53 mag.

(i.e., bias and flats). The photometric and astrometric calibra-
tion of the images is also not fundamentally different from
any other regular processing of star or asteroid observations.
For this step, we use the photometrypipeline Python package
(Mommert 2017). This pipeline automatically extract the sources
using sextractor (Bertin & Arnouts 1996) and then solves the
plate astrometrically using scamp (Bertin 2006). The sidere-
ally tracked observations allow accurate plate solutions to be
obtained using the stars.

What is different is how the photometry of the asteroid is
obtained from the trails. For an accurate absolute calibration of
the extracted photometry of the asteroid using our technique, it
is important to use a large aperture for the photometric calibra-
tion of the stars in the background. This is due to the fact that the
shape of the PSF for the stars (circular, but convolved with the
seeing variation and the motion of the stars due to tracking inac-
curacies) and that of the asteroid (elongated in the direction of
motion and not affected by long-term seeing variation and track-
ing errors) are different. The result is that the PSF of the asteroid
will be smaller than that of the stars in an unpredictable way.

To address this issue, we need to take apertures large enough
to encompass the whole PSF. In practice, this can be done by
performing a curve of growth analysis of the zero point (ZP; i.e.,
the magnitude of an object that would have a flux of 1 on the
observed image). As the aperture increases, the ZP magnitude
will grow until it reaches a plateau when the aperture becomes
large enough to encompass all (or a large fraction of) the light
from the stars. An example of such a growth curve is presented
in Fig. 3. The ZP will then be estimated by fitting an exponential
curve to the curve of growth. Its value corresponds to the limit
at high apertures of the fitted curve.

2.2. Determination of the location of the trail

The first step in our new processing routine consists of deter-
mining where the asteroid trail is located on the image. This is
done by querying the ephemerides of the target using the jpl-
horizons module from the astroquery python package (for the
rest of the paper, every time we query ephemerides this module
is used). From the header we extract the time of mid-exposure.
We can then estimate the time when the exposure started and
stopped according to the total exposure time of the acquisition.
By querying the ephemerides for both of these timestamps, we

obtain the location in right ascension (RA) and declination (Dec)
of the target at the beginning and end of the exposure and thus
the location of both ends of the trail. Using the World Coordi-
nate System (WCS) information from the astrometric calibration
of the image and using the astropy wcs function (Price-Whelan
et al. 2022), we can convert the asteroid RA and Dec into x and
y coordinates on the image.

The real start and end of the exposure can be slightly dif-
ferent from the computed ones because of time biases due to
errors in the clocks or timing of the shutter opening and closing.
Such biases are common in the header of astronomical images
(Farnocchia et al. 2023). For such rapidly moving objects, this
quickly results in a detectable offset on the image along the
direction of the trail. This discrepancy can be easily solved by
applying an offset to the queried time. This offset can either
be precisely determined by observing GNSS (Global Naviga-
tion Satellite System) satellites (Farnocchia et al. 2022) or can
be manually applied such that the obtained x and y coordinates
correspond best with the beginning and end of the trail.

Another source of random offsets are imperfections in the
tracking of the telescope during the exposure. We correct this
offset by detecting the location of the beginning and end of the
trail by fitting its precise location. For this, we first extract a
sub-image centered on the pixel provided by the ephemerides
(corrected from the time biases; sub-image (a) in Fig. 4). The
image is then rotated to align the trail with the y-axis (sub-image
(b) in Fig. 4). The rotation is performed using the rotate func-
tion from the skimage transform python package (Van der Walt
et al. 2014), and the angle of rotation is determined using the
direction of motion of the object from the ephemerides. Even
if we do not use this rotated image for photometric purposes,
we use the preserve_range option to preserve the fluxes. Once
the asteroid trace is aligned with the y-axis, we can reduce the
two-dimensional image to a one-dimension line on both axes by
taking the sum, median, or mean along the columns or rows. The
median of all rows is fitted with a Moffat function (Moffat 1969)
to locate the position of the trail (sub-image (d) in Fig. 4), while
the sum of all columns is fitted with an erf function to locate
where the trail starts (sub-image (c) in Fig. 4). The coordinates
obtained through the fitting processes on the rotated images are
then de-rotated and converted back to the full image coordinates
to locate the position of the trail (sub-image (a) in Fig. 4 on the
non-rotated image).

2.3. Stepping along the trail

Once the beginning and end of the trail is precisely located, we
compute its length and divide it by the size of the full width
at half maximum (FWHM) of the star PSF. The effective expo-
sure time for each aperture can be chosen by the user. However,
the optimum value is typically chosen to correspond to aperture
sizes approximately equal to the FWHM of the circular star PSF
(Mighell 1999, see our Sect. 2.4).

This way we subdivide the trail into pieces with sizes cor-
responding to the time needed for the object to move over one
seeing unit. We then loop through all the epochs, query the
ephemerides, convert the RA and Dec into x and y positions,
and fit a Moffat function to the trail to correct for imperfections
from tracking.

2.4. Aperture size

An optimized aperture size can be obtained by performing a
curve of growth for the flux extracted from the trail of the
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Fig. 4. Determination of the location of the trail. (@) Cropped image around one end of the trail. The blue circle (located around the coordinates
(60,100)) represents the expected position of the asteroid at the beginning or end of the exposure based on the ephemerides and the time read from
the fits header. The orange circle corresponds to the expected position of the asteroid at the beginning or end of the exposure after correcting for
the time bias in the header, while the green circle corresponds to the true position of the object after fitting the end of the trail. (b) Same image as
(a) but after rotation to align the trail with the y-axis. (¢) Sum of the flux after adding pixels along the rows. The blue line is fitted with an error
function to locate at which row the trail starts. We note that the variation in the flux of the asteroid due to its rotation is already visible in the blue
curve. (d) Median flux integrated along the columns of pixels. The blue line is fitted with a Moffat function to determine in what column the trail

is located.

asteroid with different aperture sizes. For each aperture size,
the uncertainty on the extracted flux can be estimated using the
CCD equation (Howell 2006) that takes into account the total
flux inside the aperture, the area of the aperture, the background
level, and the area of the aperture used for determining the back-
ground level. Here we ignore the contribution from the dark
current and the readout noise, which are negligible for modern
professional CCD cameras. The optimal aperture size will be the
one that minimizes the computed theoretical uncertainties on the
extracted flux.

Figure 5 shows an example growth curve of the median of
the uncertainties for all the measurements extracted along the
trail of the last observations of BX1. We see that the uncertainty
first decreases rapidly as a function of the aperture size as we
extract more and more flux from the trail. Then the curve goes
through a minimum, the uncertainty starts to grow due to the
addition of more and more flux from the sky background (noise),
and no additional flux from the trail is added anymore (signal).
The optimal aperture corresponds to the one that minimizes that
curve.

In Fig. 5 we show the size of the median FWHM of the trail,
whereby the FWHM is computed by fitting a Moffat function at
all positions from which we are extracting flux. We also show
the median FWHM of all stars. We see that the optimal aper-
ture is located in between these two values, but the differences
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Fig. 5. Growth curve of the median of the theoretical uncertainty for all
measurements along the trail. The minimum of the curve (represented
by the vertical black line) corresponds to the computed optimal aper-
ture (2.8 pixels here). The vertical green line corresponds to the median
FWHM of the trail (2.55 pixels), while the vertical red line corresponds
to the median FWHM of all the stars in the field (3.5 pixels).

in uncertainties between these values is marginal and using the
FWHM of the stars is a good default aperture value. Moreover,
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the decreasing part of the curve is much faster than the grow-
ing part. Using a too small aperture will affect the uncertainties
more than using a too large aperture. It is thus safer to favor larger
apertures over smaller ones.

2.5. Extracting the photometry

To perform aperture photometry on trailed observations of aster-
oids, we use a square or rectangular aperture aligned with
the direction of the NEO’s trail (see Fig. 2). The alignment
is done by rotating the aperture according to the direction of
motion of the object. This direction can be obtained by query-
ing the ephemerides, wherein the direction of motion is retrieved
using the Sky_mot_PA field. The direction of motion can also
be obtained by querying ephemerides at two short intervals
of time (typically such as the asteroid moves by a few pixels
in between these two epochs) and computing the directional
vector.

For these fast-moving (close to Earth) objects, the apparent
motion in the sky can vary significantly during the exposure.
Since we are querying the ephemerides at fixed intervals of time,
we need to adjust the size of the apertures to match the relative
speed of the objects. It is important to keep a constant effective
exposure time (time covered by the aperture) in order to keep
identical relative fluxes. So if the extracted flux varies, this is due
to intrinsic variations in the object’s brightness and not variation
due to the effective exposure time. The final step involves multi-
plying the observed flux for each individual aperture by the ratio
between the total and effective exposure times (time needed for
the target to cross the aperture) to obtain calibrated magnitudes
for the asteroid observations.

As conventionally used for circular aperture photometry,
we estimate the flux of the sky background at an appropriate
distance from the observed trailed object. This allow to accu-
rately assess the background flux affecting the source without
being contaminated by it. We use the Python package Photu-
tils (Bradley et al. 2023) to generate the rectangular apertures
and conduct the photometry. We also utilize the source mask-
ing capabilities of Photutils to remove pixels contaminated by
background sources within the aperture used to estimate the
sky-background flux.

The optimum apertures are square apertures whose sizes are
approximately equal to the FWHM computed using the stars (see
Sect. 2.4). This both ensures the optimal extraction of the flux
perpendicular to the trail (Mighell 1999) and provides the small-
est apertures that can be used to obtain independent temporal
measurements. Here, for two consecutive measurements, we use
apertures that touch each other, but without overlapping, to max-
imize the flux extraction. This makes consecutive observations
slightly correlated with each other. When the target is centered
at the limit of two square apertures, half of its PSF will be located
in one aperture and the other half in the other aperture. To obtain
fully independent observations, gaps of at least one FWHM need
to be added between measurements. This can be done simply
by removing every second measurement. Alternatively, longer
rectangular apertures can be used in the direction of the trail
to increase the flux, thus increasing the signal-to-noise ratio of
individual measurements at the cost of decreasing the temporal
resolution.

It is important to note that the sky must be photometric dur-
ing the exposure. Any temporal variation in extinction affects
the integrated star and asteroid images differently. However, the
same issue arises for star-trailed observations.

3. Observations and results
3.1. 2023 CX1

Asteroid 2023 CX1, which was temporarily known by its
discoverer-assigned identificator Sar2667, was initially spotted
by Krisztidn Sarneczky, an astronomer at the Konkoly Obser-
vatory’s Piszkéstetd Station (MPC code 461) in Hungary. This
observation was obtained on 2023 February 12 at 20:18 UT
and quickly triggered impacting alerts from the NASA and ESA
impact monitoring services Scout’> and Meerkat (Friihauf et al.
2021). Six hours after its discovery, CX1 impacted on 2023
February 13 at 02:59 UT, over the coast of Normandy in France.
This event marked the seventh time a small asteroid had been
discovered before impacting Earth. By combining the precise
knowledge of its trajectory as it entered the atmosphere with
atmospheric wind data and the observed fragmentation altitude
from fireball observations in the FRIPON meteor monitoring
network (Colas et al. 2020), meteorites were recovered on the
ground (Jenniskens & Colas 2023). This was only the third time
that meteorites were recovered from an asteroid discovered prior
to impacting Earth (Jenniskens et al. 2009, 2021).

At the time of its discovery, the object was already within
233000 km of Earth and moving at a speed of 0.19” /s on the
plane of the sky. Over the next six hours, its speed gradually
increased, reaching more than 1000”/s just before entering the
Earth shadow and impacting. With an estimated absolute H
magnitude of 32.7, its size is calculated to range between 0.8
and 1.7 m.

We analyzed four trailed observations of CX1 obtained at the
Schiaparelli Observatory located in northern Italy, atop mount
Campo dei Fiori near Varese, 1230 m above sea level (MPC 204).
A 0.84 m Newtonian telescope was used with an SBIG STX-
16803 camera, which provides a field of view of 42’ x 42’ with
a pixel size of 1.87” when operated in 3 X 3 binning mode. The
observations were unfiltered, with an exposure time of 60 s.

The first observation was obtained at 02:29 UT, when CX1
was moving at a speed of ~2.45”/s (the speed varied significantly
over the time span of the exposure) and thus trailed over 76 pix-
els. The last image was obtained at 02:50 UT, only 9 min before
impact, when CX1 was located at 7000 km from the observer
(varying between 7575 km and 6877 km during the 60 s of the
exposure). At that time, it was moving at a speed of more than
15”/s and trailing over 441 pixels. The rapid change in distance
to the asteroid and the relative motion in the sky caused the trail
to curve significantly, as can be seen in Fig. 6. Information on all
individual exposures can be found in Table 1.

The CX1 photometric observations are presented in Fig. 7,
with each color representing a different trail. The magnitude
was calibrated in the V band independently for each acquisition
using the field stars. The time is expressed in minutes before
the impact. The rapid brightening of CX1 is clearly visible as it
approaches Earth.

We searched for the signature of rotation in the asteroid pho-
tometry by folding all data into a phase curve according to trial
spin periods. To avoid any effect from the correlation between
consecutive measurements in the period search, we considered
only every other measurement. This reduces the number of total
measurements by a factor of two but assures that they are all
independent of each other. For each period, a Fourier series of
order 5 was fitted and the chi-square of the fit to the data was
computed to create a periodogram. The phase curve is expected

2 https://cneos.jpl.nasa.gov/scout/intro.html
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to have two minima for one rotation but can be more compli-
cated if the object is tumbling. Figure 8 shows the periodogram
of CX1 for periods between 0.36 seconds and 6 minutes. The
periodogram exhibits several chi-square minima.

Figure 8 shows two attempts to fold the data according to the
two strongest minima. A period of 9.16 s (left diagram) does not
show the expected double minimum in the phased light curve,
which may represent just half a spin period. A period of 18.33 s
does result in the expected double minimum, but the amplitude
is small, leading to a poor significance level; this is most likely
just due to noise rather than the asteroid rotation.

The photometric accuracy is approximately 0.1 mag, with an
effective exposure time around 0.25 s. In this case, the asteroid
was nearly spherical in shape, was observed close to a pole-on
geometry, or had a period much longer than 6 min, resulting in a
light curve amplitude smaller than 0.1 mag.
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3.2. 2024 BX1

2024 BX1, temporarily named Sar2736 by the discoverer, is
the third impactor asteroid discovered by Krisztidn Sarneczky
at Hungary’s Konkoly Observatory’s Piszkéstet Station (MPC
code 461). The discovery occurred just three hours prior to its
impact on Earth, leaving little time for its physical character-
ization. Meteorites were recovered on the ground (Jenniskens
et al. 2024b). We analyzed trailed observations of BX1 obtained
at the Schiaparelli Observatory. Like CX1, BX1 displayed the
same H magnitude of 32.7, leading to the same estimated size of
0.8-1.7 m. Analysis of the fireball light curve suggests a smaller
size of 0.44 m, probably because the aubrite meteorites recov-
ered on the ground have an unusually high albedo (Jenniskens
et al. 2024a; Spurny et al. 2024).

The telescope used was the same as that used for CX1, but
with a QHY600M CMOS camera instead of the SBIG STX-
16803. The QHY600M offers a 41.6" x 27.8’ field of view with
a pixel scale of 1.04”” when used in a 4-by-4 binning mode. The
first observations were obtained when the asteroid was located
at a distance of 17500 km from Earth and moving at a speed
of 7.6”/s. The last observations were obtained just 11 minutes
before impact at a distance of 9500 km from the observer, at
which time the asteroid was moving at a speed of more than
30”/s. Information about all the individual observations can be
found in Table 1.

Contrary to CX1, we find a clear rotational signature with
a period of P = 2.5888 + 0.0002 s and a light curve ampli-
tude of 0.7 mag (Fig. 9). As for CX1, only one of every two
measurements was considered to avoid bias effects from the
measurements being correlated. All photometric observations,
calibrated in the V band independently for each acquisition using
field stars, are combined in Fig. 10, where the x-axis represents
the time before impact. As for CX1, we see a clear brightening
of the object as it approached Earth. Figure 9 shows the peri-
odogram for test periods between 0.36 and 7.2 s. There is an
evident signal at a period of P = 2.5888 + 0.0002 s, along with
its aliases (varying numbers of maxima and minima).

This is the fastest rotation period ever measured for an aster-
oid. It is 13% faster than the previous record held by 2020 HS7,
which had a rotation period of P = 2.99 s (Beniyama et al. 2022).
Analysis of the signification of such a fast rotation is beyond the
scope of this paper and is left to other work.

3.3. 2024 EF

The trailed imaging technique is not limited to Earth impactors;
it is also relevant for somewhat larger asteroids. The asteroid
EF performed a close fly-by with Earth at a minimal distance
of 57614.5 + 2.4 km on 2024 March 4, less than 48 hours after
its discovery on March 2. With an estimated H magnitude of 29,
the size is in the range 4 to 10 m.

We observed EF with the TRAPPIST-North telescope
located at the Oukaimaiden Observatory in Morocco (TN; MPC
753). TRAPPIST-North is a robotic telescope that uses a 0.6 m
Ritchey-Chrétien design operating at f/8 on a German Equatorial
mount. It is a clone of TRAPPIST-South, which is located at La
Silla Observatory in Chile (Jehin et al. 2011). The camera is an
Andor IKONL BEX2 DD (0.60"/pixel, 20" x 20’ field of view).
Images were obtained with a binning of 2x2 and a blue cutting
filter with transmission starting at 500 nm.

We performed both “regular” observations (with tracking on
the asteroid motion) and trailed observations. The regular obser-
vations had exposure times of 20, 10, and 3 s. The stars were
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Table 1. All trailed observations analyzed in this work.

Object Observatory Frame Length Time RA Dec Speed  Range
(pixels) (hh:mm:ss) (hh:mm:ss) (dd:mm:ss) (""/s) (km)
| 77 02:29:40 07:58:08.4  +37:45:40.9 2.3 20819
02:30:40 07:58:11.5  +37:47:52.2 24 20228
2023 CX1  Schiaparelli Observatory 5 168 02:44:49 07:58:09.7 +38:34:24.0 5.0 11174
02:45:49 07:57:57.9  +38:38:59.7 55 10517
3 246 02:47:32 07:57:25.4  +38:47:40.2 7.0 9345
02:48:32 07:56:57.5  +38:52:52.7 8.4 8673
4 441 02:50:06 07:55:50.2  +39:01:36.8 119 7578
02:51:06 07:54:46.3  +39:07:149 15.6 6874
| 220 00:09:58 07:52:37.5  +48:20:53.8 7.5 17550
00:10:28 07:52:42.2 +48:24:29.2 7.7 17205
5 230 00:10:35 07:52:43.6  +48:25:33.1 7.8 17 105
00:11:05 07:52:48.7  +48:29:21.6 8.2 16756
3 243 00:11:11 07:52:49.9  +48:30:19.8 8.2 16 669
00:11:41 07:52:55.3  +48:34:21.6 8.6 16318
4 757 00:11:48 07:52:56.6  +48:35:23.8 8.7 16230
00:12:18 07:53:02.2  +48:39:37.3 9.1 15880
5 269 00:12:25 07:53:03.7  +48:40:47.1 9.2 15786
2024 BX1  Schiaparelli Observatory 00:12:55 07:53:09.4  +48:45:11.3 9.6 15441
6 301 00:13:33 07:53:17.5  +48:51:21.5  10.2 14980
00:14:03 07:53:23.9  +48:56:16.5  10.7 14 631
7 318 00:14:09 07:53:25.5  +48:57:34.7  10.8 14 541
00:14:39 07:53:32.3  +49:02:50.0 11.3 14188
3 341 00:14:46 07:53:34.1  +49:04:14.3  11.5 14 097
00:15:16 07:53:41.4  4+49:09:52.7  12.1 13741
9 379 00:15:45 07:53:49.2  +49:15:59.8  12.7 13374
00:16:15 07:53:57.2  +49:22:16.5 135 13016
10 409 00:16:22 07:53:59.3  +49:23:542  13.6 12926
00:16:52 07:54:07.9  +49:30:41.5 144 12563
1 436 00:16:59 07:54:10.1  +49:32:24.1 14.6 12475
00:17:29 07:54:19.3  +49:39:414 155 12112
12 567 00:19:03 07:54:52.3  +50:06:10.6  18.9 11725
00:19:33 07:55:03.6  +50:15:25.6  20.3 11382
13 662 00:20:08 07:55:189  +50:27:53.5 221 10954
00:20:38 07:55:32.5  +50:39:04.5  23.8 10 600
14 915 00:22:06 07:56:19.1  +51:17:58.0 304 9553
00:22:36 07:56:37.5  +51:33:25.7 332 9202
2024 EF TRAPPIST-North | 485 03:06:28 12:34:15.6  +31:30:44.2 6.3 121308
03:07:57 12:34:35.0  +31:22:14.8 6.4 120671

Notes. The length in pixels is the length of the trail in the image. For the time, RA, Dec, speed, and range, the values at the beginning and end of
the acquisition are provided for each frame.
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trailing over several dozen pixels, preventing us from using them
for photometric calibration (see Fig. 1). However, typical circular
aperture photometry allowed us to determine a rotation period of
3.95 min for this object using the latest and shortest exposure
time observations (3 s).

We also analyzed one trailed acquisition that lasted 90 s
using our technique. Although this acquisition is much shorter
than the known rotation period, we were able to observe a trend
in the photometry that could be phased with the light curve
obtained just before and after. Figure 11 shows the trailed obser-
vation analysis in blue squares. The photometry obtained just
before and after using regular asteroid-tracked observations are
shown in orange. We utilized the orange observations to search
for the best Fourier series fit, represented by the continuous black
line. We can see that the trailed observation fits nicely to the
trend obtained with the orange observations only. The trailed
observations have been binned 15 times to better align with
the exposure times of the regular observations and to enhance
visibility on the plot.
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Additionally, we note that there is a hint that EF is in a tum-
bling state, because the amplitude of the light curve changes
over time following a regular decrease and increase. Because
of that, we were not able to perfectly phase all the observations
(which spanned several hours) using the 3.95 min period. While
short sections can be phased without issue, we again notice a
departure from perfect phasing in Fig. 12, where each individual
rotation is displayed using a different color. We do not report the
uncertainty on this period as this would require a more detailed
analysis of the tumbling nature of the rotation state and is beyond
the scope of this paper.

4. Discussions

The new method of aperture photometry for fast-moving aster-
oids has limitations and is not meant to replace all traditional
aperture photometry. However, it can be extremely useful when
certain conditions are met. In this section we discuss the pros and
cons of the new method and when an observer should decide
to perform asteroid observations tracked on the stars or on the
asteroid.

4.1. CCD or CMOS camera

The main advantage of this new method is its ability to extract
the timing information on a scale much smaller than the typi-
cal CCD readout time. As we saw for BX1 earlier in this paper,

small asteroids can have rotation periods smaller than the typical
readout time of traditional CCDs. However, fast readout CMOS
cameras are becoming more and more common. If the avail-
able camera has a readout time much shorter than the quickest
expected rotation period for an object, then more accurate pho-
tometric observations can be obtained by keeping the exposure
time short and the asteroid at a fixed position on the sensor.

4.2. Asteroid size

The expected rotation period of an asteroid is directly dependent
on its size (i.e., its H magnitude). An analysis of the allowed
rotation period as a function of the asteroid size is beyond the
scope of this paper, but according to the Near-Earth Observations
Coordination Center (NEOCC) physical properties web portal®,
at the time of writing this paper, no object with an H magni-
tude brighter than 24 displays a rotation period faster than 60 s.
Hence, if the observed object is large (H<24), traditional obser-
vation techniques would be more effective than the one presented
in this paper.

4.3. Asteroid sky motion speed

The method presented in this work should only be used for aster-
oids that display rapid angular motion on the plane of the sky.
Whether an observer should use regular observations or trailed
observations will depend on each individual telescope and cam-
era setup and the sky conditions (seeing, field of view, readout
time of the CCD, telescope size, etc.). If the asteroid motion is
slow enough to not move by more than one FWHM in less than
the readout time of the camera used to obtain the observations,
using a conventional observation method will be more effective
than using trailed observations. If the asteroid is moving too fast,
the signal-to-noise ratio of each individual measurement along
the trail will be too low and thus regular observations techniques
should also be used.

4.4. Close fly-by of newly discovered objects

Just after an asteroid is discovered, its orbit will be poorly known.
Usually, follow-up observations will improve our knowledge of
the orbit. As long as the location and speed of the object is poorly

3 https://neo.ssa.esa.int/search-for-asteroids
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known, the positional uncertainties are usually greater in the
direction of motion of the object than the direction perpendicu-
lar to it. When asteroids move fast on the sky, the most optimum
strategy is thus to pre-point the telescope where the object will be
located in the near future, start a series of trailed exposures, and
wait for it to cross the field of view. These initial uncertainties in
the ephemerides are irrelevant for the data reduction as it can be
performed after the fly-by. Updated information on the orbit will
thus be available, allowing for precise times and locations to be
obtained for the object in the image.

4.5. Goal of the observation

While small asteroids in a close fly-by can be bright, we saw
in our discussion of the method that letting the asteroid trail on
the image resulted in the PSF of the stars and the asteroid being
different. This could lead to issues in the absolute calibration
of the magnitude of the object. Moreover, if the field of view
cannot be properly flat-fielded, the fact that the object is moving
through a large fraction of the CCD can lead to biases in the
photometry. This is not an issue if the observer is interested in
deriving the rotation period of the object. However, if the goal of
the observation is to derive the phase curve, a high precision on
the absolute calibration of the photometry is needed, and regular
observation methods would be more effective.

5. Conclusions

We present in this paper a novel approach to performing pho-
tometry of fast-moving near-Earth asteroids. Instead of tracking
the asteroid motion, which leads to stars appearing trailed on the
images, we observe the asteroid using sidereal tracking and let
the asteroid sweep through the field. This results in the asteroid
appearing trailed on the images.

The advantage of this technique is that it allows the bright-
ness of the object to be extracted over time in single images
by extracting the photometry using square apertures at differ-
ent locations on the trail. We show that this technique works and
is highly effective in detecting fast-rotating asteroids for which
usual observation techniques would have failed to retrieve the
period because their overhead time (readout time of the CCD) is
longer than the rotation period of the asteroid.

We analyzed three recently observed rapidly moving aster-
oids, CX1, BX1, and EF. The first two impacted Earth a few
minutes after our observations ended, while the third one made
a close fly-by.

For CXI1, the photometric variation is less than 0.1 mag.
This suggests that the object is shaped nearly like a sphere, was
seen pole-on, or did not rotate much during the span of our
observations.

In the case of BX1, we observed the fastest rotation period
ever measured for an asteroid: P = 2.5888 + 0.0002 s. In this
case, the asteroid was elongated, resulting in a large amplitude
variation in brightness.

In the case of EF, we observed a rotation period of approx-
imately 3.95 min using regular asteroid-tracked observations.
However, we show that the photometry extracted on a single 90 s
exposed trailed image can be correctly phased with the regular
observations.

Based on these results, we encourage observers to obtain
trailed observations of asteroids when:
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— The asteroid motion on the sky is so fast that the exposure
time would be significantly shorter than the CCD readout
time (to maximize the observation time).

— The asteroid is small, with an H magnitude brighter than 24
(the asteroid could be a rapid rotator).

— The asteroid was recently discovered and has imperfect
ephemerides (the observers should avoid having both trailed
star and trailed asteroid images).

— The observer does not need high accuracy for the abso-
lute magnitude (i.e., their interest is instead focused on
determining the rotation state of the object).

In any other circumstance, the use of regular observation tech-
niques should be favored. However, we encourage observers
to regularly take a few trailed observations, alongside regular
observations, as a single 30-60 s observation could allow the
determination of the rotation period or at least help in breaking
alias issues for fast-rotating objects.

The use of trailed observations allowed us to obtain the
fastest rotation period known to date. However, asteroids are
expected to rotate even faster. The limitation in detecting fast
rotation periods arises from the use of exposure times longer than
the rotation period. Fast-spinning asteroids are expected to be
small and thus faint when located far from Earth. It is thus impor-
tant to take advantage of their impacting and very close fly-by
events to obtain reliable physical characterizations for them.
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