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Asteroid models reconstructed from ATLAS photometry?
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ABSTRACT

Context. The Asteroid Terrestrial-impact Last Alert System (ATLAS) is an all-sky survey primarily aimed at detecting potentially
hazardous near-Earth asteroids. Apart from the astrometry of asteroids, it also produces their photometric measurements that contain
information about asteroid rotation and their shape.
Aims. To increase the current number of asteroids with a known shape and spin state, we reconstructed asteroid models from ATLAS
photometry that was available for approximately 180 000 asteroids observed between 2015 and 2018.
Methods. We made use of the light-curve inversion method implemented in the Asteroids@home project to process ATLAS photom-
etry for roughly 100 000 asteroids with more than a hundred individual brightness measurements. By scanning the period and pole
parameter space, we selected those best-fit models that were, according to our setup, a unique solution for the inverse problem.
Results. We derived ∼2750 unique models, 950 of them were already reconstructed from other data and published. The remaining
1800 models are new. About half of them are only partial models, with an unconstrained pole ecliptic longitude. Together with the
shape and spin, we also determined for each modeled asteroid its color index from the cyan and orange filter used by the ATLAS
survey. We also show the correlations between the color index, albedo, and slope of the phase-angle function.
Conclusions. The current analysis is the first inversion of ATLAS asteroid photometry, and it is the first step in exploiting the huge sci-
entific potential that ATLAS photometry has. ATLAS continues to observe, and in the future, this data, together with other independent
photometric measurements, can be inverted to produce more refined asteroid models.
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1. Introduction

Asteroids are important, not only as a subject of scientific stud-
ies, but also because some of them are potentially hazardous and
can collide with Earth. There are several sky surveys that map the
population of asteroids and near-Earth asteroids (NEAs), in par-
ticular. One of them is the Asteroid Terrestrial-impact Last Alert
System (ATLAS), whose main purpose is to detect dangerous
NEAs. The system currently consists of two Schmidt telescopes,
which are located at Haleakalā and Mauna Loa in Hawaii. The
telescopes are identical; they both have a 65-cm primary mirror,
f /2.0, and the field of view is 7.5◦. They cover the whole visible
sky for one night down to ∼19 mag with 30 s exposures (Tonry
et al. 2018b,a; Smith et al. 2020; Heinze et al. 2018).

Apart from astrometric measurements that are used for aster-
oid orbit determination, ATLAS also measures asteroid bright-
ness. As such, for every detected asteroid, we have a sparsely
sampled light curve. Our study aims to use this ATLAS aster-
oid photometry to reconstruct the basic shapes of asteroids and
their rotation properties by the light curve inversion method of
Kaasalainen et al. (2001).

2. ATLAS photometric data

We processed all available photometry for about 180,000 aster-
oids observed from June 2015 to October 2018. Most of the
? Tables A.1–A.4 are only available in electronic form at the CDS

via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/643/A59

observations were done in orange (o, 560–820 nm) and cyan
(c, 420–650 nm) filters. For each observation, we computed the
heliocentric and geocentric coordinates of the asteroid, which
were needed to compute the viewing and illumination geometry,
using the Miriade1 system of IMCCE (Berthier et al. 2009). The
apparent brightness was normalized to a distance of 1 AU from
the asteroid to the Sun and to the Earth.

There were some outliers in the data, which are clearly visi-
ble on phase curves, when we plotted the brightness as a function
of the solar phase angle. We had to remove these outliers before
using the data for inversion. To do so, we used the same approach
as Hanuš et al. (2011) and fit a linear-exponential phase func-
tion to data and computed the root mean square (rms) residual.
Then we removed all measurements that differed from the fitted
phase function by more than a given limit. After some tests and
the visual inspection of several asteroids, we set up this limit to
2.5 rms, which seemed to be a good compromise that removed
most of the outliers and did not drastically reduce the number
of data points. On average, this removed about 15% of the data
points.

After cleaning the photometry, we selected only those aster-
oids with at least 100 observations in order to have enough data
for the inversion. This way, we obtained a sample of about 98 000
asteroids to which we applied the light curve inversion method
of Kaasalainen et al. (2001).

1 http://vo.imcce.fr/webservices/miriade/
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3. Shape and spin reconstruction with light curve
inversion

For the inversion of ATLAS photometry, we used the same
approach as employed with Lowell Observatory photometry
(Ďurech et al. 2016), Lowell data combined with WISE data
(Ďurech et al. 2018), Lowell and Gaia DR2 data (Ďurech et al.
2019), and Gaia data alone (Ďurech & Hanuš 2018). The core of
the problem was to find the correct sidereal rotation period. To do
so, we started the inversion algorithm from many different ini-
tial trial periods and it converged to different local minima from
which the global minimum was selected. We used full convex
shape inversion (running at Asteroids@home project2) and also
a simpler ellipsoidal shape model that ran at the computational
cluster Tiger at the Astronomical Institute of Charles University.
The detailed description of the processing pipeline and reliabil-
ity tests can be found in Hanuš et al. (2011) and Ďurech et al.
(2018).

The most time-consuming part of the modeling is the search
for the sidereal rotation period. Although ATLAS data are, for
many asteroids, dense enough to apply Fourier-based algorithms
in order to find periodicity in the signal (Erasmus et al. 2020),
our aim was different. Instead of determining the synodic rota-
tion period, we wanted to derive the full spin state, including
the sidereal rotation period with the relative precision on the
order of 10−5, which corresponds to knowing the exact num-
ber of rotations in the time interval covered by the observations.
So we scanned a range of periods from 2–1000 h with our full
physical model. From the whole sample of almost a hundred
thousand asteroids, a reliable sidereal period was determined for
only about five thousand. So, for the majority of asteroids, their
photometric data were not sufficient in number nor in accuracy
to uniquely determine the sidereal rotation period; apart from
the correct solution, there were other possible periods with an
acceptable fit. Even if such periods were almost identical from
the point of view of period determination – a relative difference
on the order of 10−3 – the corresponding pole directions and
shapes were very different, so we could not consider these as
unique models.

To obtain more models, we used the Lightcurve Database
(LCDB) of Warner et al. (2009), the version from November
20, 2018, where rotation periods derived from independent light
curves are stored. We used these periods as a priori informa-
tion, which enabled us to shrink the period parameter space
significantly. Because the periodograms were computed on the
whole 2–1000 h interval for all asteroids, we just constrained the
solution to some interval around the known period PLCDB. The
reliability of periods in the LCDB is marked with an uncertainty
code U, with higher values meaning a more reliable period. We
used only U values of 2 and higher and limited our search inter-
vals to ±5% around PLCDB for U = 3 or 3−, to ±10% for U = 2+,
and to ±20% for U = 2.

4. Results

In total, we obtained about 2750 unique asteroid models that
passed our reliability tests. Out of these, about 950 asteroids
already had a model that was reconstructed from independent
data and was published. The remaining 1800 cases are new aster-
oid models, the parameters of which we publish for the first
time. They are listed in Table A.1 (705 full models), Table A.2

2 http://asteroidsathome.net

(191 models derived with a priori information about their rota-
tion period), Table A.3 (671 partial models with unconstrained
pole ecliptic longitude), and Table A.4 (225 partial models with
a priori period information). The full models from Tables A.1
and A.2 are also available on the Database of Asteroid Mod-
els from Inversion Techniques (DAMIT, Ďurech et al. 2010)3. In
most cases, there were two possible pole solutions with about
the same pole latitude β and pole longitudes λ about 180◦ apart.
This is a consequence of the problem’s symmetry because obser-
vations limited to the ecliptic plane always lead to this λ ± 180◦
ambiguity (Kaasalainen & Lamberg 2006).

For so-called partial models in Tables A.3 and A.4, ATLAS
data were not sufficient to uniquely reconstruct their spin axis
direction. However, their pole latitude was limited to an inter-
val of β ± ∆β, which we report. Additional data are needed to
reconstruct full models for these objects uniquely.

4.1. Error estimation

To estimate errors of the derived model parameters, we assumed
that individual ATLAS measurements were independent, and we
used a bootstrap method. We created one hundred bootstrapped
data samples for every full and partial model. The original pho-
tometric data were randomly sampled with a replacement; the
number of data points observed in each filter remained the same.
We ran the convex light curve inversion for each bootstrap sam-
ple again using the spin parameters (λ, β, P) of the original model
as initial values. The inversion algorithm converged to a dif-
ferent set of spin, phase function, and color parameters. The
uncertainty of the pole ecliptic longitude σλ and latitude σβ,
the sidereal rotation period σP, and the color index σc−o was
determined as a standard deviation of the sample for one hundred
values. These uncertainties are also listed in Tables A.1–A.4.

4.2. Period comparison

Erasmus et al. (2020) used the same ATLAS data set to deter-
mine the colors and rotation periods of members of selected
asteroid families. There were only 134 asteroids for which we
could compare our values with those in Erasmus et al. (2020).
We only used the periods determined uniquely on the whole 2–
1000 h interval, that is to say the values from Tables A.1 and
A.3. The comparison of the periods is shown in Fig. 1. The color
coding represents the confidence of the period determination
according to Erasmus et al. (2020). There were 95 asteroids for
which the periods were the same within the 3σ interval. Of the
remaining 39 asteroids, all of the periods reported by Erasmus
et al. (2020) were either ±2, ±1, ±0.5, or ±0.25-day aliases of
the period we report here or the periods extracted were close to
48 h. Aliasing ambiguity in the extracted (by Lomb-Scargle peri-
odogram) rotation period and incorrectly resolving periods close
to 12, 24, or 48 h is a common problem with ATLAS data due to
the one-day cadence of the ATLAS observations.

4.3. Phase functions

Similarly as in our previous works, we described the light-
scattering properties of our convex models as a combination
of Lomell-Seeliger and Lambert scattering (Kaasalainen et al.
2001). The bi-directional reflectance is

S (µ, µ0, α) = f (α) µµ0

(
1

µ + µ0
+ c

)
, (1)

3 https://astro.troja.mff.cuni.cz/projects/damit
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Fig. 1. Comparison of rotation periods of 134 asteroids that are in our
sample and also in that of Erasmus et al. (2020). Colors represent the
confidence of period determination (in percent) according to Erasmus
et al. (2020). The dotted horizontal line marks a rotation period of 48 h.
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Fig. 2. Histogram of differences between slope parameters kc and ko
for cyan and orange filters. The red vertical line emphasizes that the
distribution is not centered at zero, but shifted to the left. The black
dashed line marks the mean value of kc − ko =−0.023.

where µ and µ0 are cosines of emission and incidence angles,
respectively, c = 0.1 is a constant of the Lambert part, and f (α)
is the phase angle function

f (α) = A0 exp
(
− αD

)
+ kα + 1, (2)

where A0,D, and k are parameters that are to be optimized and α
is the solar phase angle. This scattering model is mathematically
simple, the phase angle function f (α) does not depend on µ or
µ0, and the model is flexible enough to fit our data.

We assumed that the phase function is the same for both
orange and cyan colors, that is to say that the scattering param-
eters in Eq. (2) do not depend on the wavelength. This is not
exactly true because the phase function is, in fact, dependent
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Fig. 3. Phase function of asteroid (673) Edda. The top panel shows the
original measurements in cyan and orange filters; the brightness (rel-
ative flux) was normalized to a unit distance from the Sun and Earth,
and outliers were removed. The vertical shift between two filters cor-
responds to the color index c−o = 0.402 mag. On the bottom panel, the
rotation and geometry effects were removed and the solid curves cor-
respond to phase-angle functions according to Eq. (2) with different
slope parameters kc and ko. The scatter of points around the mean phase
curves corresponds to residuals of the fit.

on the wavelength; the effect is known as “phase reddening”
(Millis et al. 1976; Lumme & Bowell 1981). To test if ATLAS
data show some information about phase reddening, we took all
unique models and repeated the inversion, starting from the final
spin parameters, with a modified phase function. We assumed
the parameters A0 and D are again the same for both colors, but
that the linear parameter k can be different. So instead of one
value of k, we had two independent parameters kc and ko for cyan
and orange filters. Figure 2 shows a histogram of differences
kc − ko between slope parameters for all models. The distribu-
tion is not symmetric around zero; there are more models with
negative kc − ko, meaning that statistically kc < ko. Because val-
ues of the slope parameter cannot be positive (this is constrained
during optimization), then |kc| > |ko|. This means that the orange
slope is not as steep as the cyan one on average; so for larger
phase angles, the brightness is higher in orange than in cyan,
which agrees with the concept of phase reddening. However, this
behavior can only be shown for the whole sample statistically;
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Fig. 4. Distribution of colors c–o and their correlations with albedo pV and slope of the phase function. Red points are S-complex asteroids, blue
points are C-complex asteroids, and gray points are the remaining asteroids with a different or unknown taxonomy. Information about taxonomy
and albedo was taken from the database of Delbo’ et al. (2017).

individual cases can behave differently and numerical values of
kc and ko are sensitive to outliers in the input photometry.

The mean value of kc− ko from our sample is −0.023 (Fig. 2).
If we take the effective wavelengths of c and o filters as 533 nm
and 679 nm, respectively (Tonry et al. 2018b), it gives the mean
phase reddening coefficient of 0.00027 mag deg−1 (100 nm)−1,
which is about four times smaller than typical values of
0.001 mag deg−1 for the B − V color (which is also an interval
of about 100 nm) reported by Lumme & Bowell (1981).

An example of an asteroid for which the modeling with
two slope parameters gives significantly better results than with
one slope parameter is (673) Edda, which is shown in Fig. 3.
The model from ATLAS data agrees with that of Marciniak
et al. (2019). We show original ATLAS data in two colors. The
color index was determined to c−o = 0.402 mag and was mod-
eled as a free scale factor between the data sets in two filters,
or equivalently as an offset in magnitude scale. The spread of
points around the mean phase curve is caused by shape effects
and photometric errors. After removing the shape and geome-
try effects, the difference in phase curves for orange and cyan
bandpasses becomes visible. The residuals dropped from 0.0286
and 0.0274 mag for c and o data with a single slope parameter to
0.0274 and 0.0262 mag when two independent slope parameters
were used.

In general, splitting photometry into two colors and fitting
them with different slopes improves the fit, but usually not very

significantly. In most cases, the fit with one slope parameter
k is about the same as with two independent slopes, kc and
ko, because the quality of ATLAS data is not sufficient to see
apparent phase effects for different colors. However, with more
accurate data, it might be necessary to include this effect in the
modeling, which might be the case of future LSST observations
in different filters (Hsieh et al. 2019).

4.4. Colors

There were observations in two filters for almost all aster-
oids in our sample so we could determine the color index
c−o accurately. The color index for each asteroid is listed in
Tables A.1–A.4. The histogram of colors for all of the models
we derived, shown in Fig. 4, is clearly bimodal, and the color
is correlated with taxonomic class. The same figure also shows
correlations between other parameters as follows: the slope of the
phase curve, albedo, and taxonomic class. We defined the slope
of the phase function as a ratio of values at phase angles 10◦ and
20◦ according to Eq. (2): f (10◦)/ f (20◦). Taxonomy information
and albedo values were taken from the compilation database of
Delbo’ et al. (2017)4. To show correlations, we divided asteroids
into C-complex (B, C, Cb, Cg, Cgh, and Ch) and S-complex
(S, Sa, Sq, Sr, and Sv) according to Bus-DeMeo taxonomy

4 https://www-n.oca.eu/delbo/astphys/astphys.html
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Fig. 5. Dependence of rms residual on rotation period. Black points
represent individual models, and the blue curve is a running mean of
residuals over 31 points centered at the middle period. Red squares mark
known tumblers (T or T+ tag in the Lightcurve Database of Warner et al.
(2009)), and yellow triangles mark asteroids that are known to be in the
principal-axis rotation state, i.e., not tumbling (T−).

(DeMeo et al. 2009). We can see the expected trends: S-complex
asteroids with a higher albedo have a higher color index and
smaller slopes than low-albedo C-complex asteroids.

4.5. Slow rotators

Recent analyses of asteroid photometry from Kepler (Kiss et al.
2019) and TESS (McNeill et al. 2019; Pál et al. 2020) missions
show that the population of slow rotators is significantly larger
than previously estimated from the statistics of periods obtained
from ground-based observations. The bias against slow rota-
tors (Marciniak et al. 2015, 2018) is a consequence of practical
problems of composing a full, long-period light curve from indi-
vidual short parts observed in separate nights. However, accurate
sparse photometry covering several years of observations should
not be strongly biased against slow rotators. Indeed, we were able
to successfully reconstruct shape models for many asteroids with
the rotation period longer than one day.

The dependence of the rms residual on the rotation period
for all the models that we derived is shown in Fig. 5. The val-
ues range from 0.02 mag for the best fits to about 0.2 mag for
the worst ones. On average, slow rotators have larger residuals
than the rest of the population. For example, the mean resid-
ual for asteroids with P < 20 h is 0.08 mag; whereas, for slow
rotators with P > 100 h, it is 0.12 mag (about the same values
also apply for the medians). This difference is statistically signif-
icant since the t-test on these two samples reveals a practically
zero probability to which our derived means are equal. The dif-
ference may be caused by some unknown dependencies of the
inversion process on the rotation period. However, another spec-
ulative explanation might be that slow rotators are actually not
rotating in an exact principal-axis mode, as our model assumes,
but they are slightly excited. This would mean that we can fit
the data with a single-period relaxed model, but the residuals
are somewhat higher because the real light curve is more com-
plicated than the model can describe. However, the residuals for
known tumblers and slow non-tumbling asteroids, according to
the LCDB shown in Fig. 5, do not follow this trend. Although,

the number of these asteroids in our sample is still low. We do
not have any explanation for the minimum in rms at P ≈ 20 h,
but this might be caused by some 24 h bias.

5. Conclusions

The ATLAS photometric data of asteroids can be successfully
used for their shape and spin reconstruction. Although the suc-
cess rate of unique model determination from the current data set
is not very high (less than 3000 models from about 100 000 aster-
oids), the ATLAS survey continues to observe every night. And
we estimate that by including another year of observations (from
October 2018 to the present day), we could derive hundreds or
thousands of other models. By continuously adding and process-
ing ATLAS data, we can create new models and update existing
ones. On top of that, we can combine ATLAS with photometry
from other surveys, which would be more efficient in producing
asteroid models than inverting different data sets separately. The
most promising possibility in the near future is to jointly invert
photometry from Gaia Data Release 3, which is scheduled for
the second half of 2021, and ATLAS.
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Ďurech, J., Hanuš, J., & Alí-Lagoa, V. 2018, A&A, 617, A57
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