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University of Nova Gorica

Mentor: pridr. prof. dr. Jure Japelj

Academic year 2023/2024

1



Abstract

The rotational period and shape of the asteroid 22 Kalliope were investigated using the light
curve data acquired with the GoChile telescope over a period of 105 days, from March 30th 2024
to July 13th 2024. Computing the multi-term Lomb-Scargle model for the obtained light curves
yielded a rotational period of (4:1482 ± 0:0003) h which is in agreement with previous �ndings.
The obtained phased light curve corresponds to the elongated shape of the asteroid. The 3D model
of the asteroid was obtained using the already written codes by M. Kaasalainen and J. �Durech
with the convex light curve inversion method. The obtained 3D has some larger facet areas
corresponding to non-convex structures, and it shares the general shape similarities with model
obtained by previous studies, although the obtained model was very limited by the insu�cient
observing geometry.

1 Introduction

Asteroids are rocky remnants from the formation of our Solar system, most of which are situated
in an orbit around the Sun between Mars’s and Jupiter’s orbits, called the Main Asteroid Belt, a
region of the Solar system with a large number of asteroids, orbiting Sun in orbits between those of
Mars and Jupiter. The biggest asteroid is Vesta, measuring around 530 km in diameter, while the
smallest ones measure less than a few meters. It is estimated that there are between 1.1 and 1.9
million asteroids larger than a kilometre and millions of smaller ones (NASA, 2024). It is interesting
to measure rotational periods and determine the shapes of asteroids as it gives us insight into asteroid’s
physical properties, internal structure and history of interactions and/or collisions with other bodies
(Lam et al., 2023).

Asteroid 22 Kalliope is an M-type (metallic) asteroid that is part of the Main Asteroid Belt. With
its diameter of 170 km, it is one of the largest asteroids in the Main Asteroid Belt (NASA JPL, 2021).
It is a binary system, as it has a satellite named Linus (Ferrais, M. et al., 2022) whose orbital period is
3.6 days (Margot and Brown, 2003) and it sometimes occults the asteroid (Brož et al., 2023). For the
rotational period of Kalliope, the number in different literature is slightly different, Ferrais, M. et al.
(2022) reporting period of 4.1482000 h and NASA JPL (2021) period of 4.1483 h, although they both
did not state the error of the period so those two values may be in accordance with each other.

The shape of the 22 Kalliope was studied by Ferrais, M. et al. (2022) using Adaptive-Optics (AO)
images taken with the SPHERE instrument mounted on the VLT, light curves from the Database of
Asteroid Models from Inversion Techniques (DAMIT) and Asteroid Lightcurve Data Exchange Format
(ALCDEF) databases, light curves obtained by Gaia-Ground-based Observational Service for asteroids,
light curves from TRAPPIST-North telescope and light curves obtained by the co-author S. Fauvaud,
which together gives the data spanning from 1953 to 2018. The 3D model was then constructed
using three different techniques; All-Data Asteroid Modeling Algorithm (ADAM), Shaping Asteroid
models using Genetic Evolution (SAGE) and the models obtained from these two were used as initial
models for Multi-resolution PhotoClinometry by Deformation (MPCD) method. The latest model of
22 Kalliope listed in DAMIT (DAMIT Project (2024) and Durech et al. (2010)) is the one obtained by
Brož et al. (2023), which used the data listed in Ferrais, M. et al. (2022) and additional sets of light
curves obtained with TRAPPIST-South telescope and Artemis telescope. The goal of the paper was to
refine both the dynamical and photometric models of such binary system, including checking whether
the ecliptic longitude and latitude of the asteroid’s rotational axis calculated from the dynamics are
in accordance with those obtained for ADAM model in Ferrais, M. et al. (2022). The new model was
derived by aligning the centre of the mass and the moment of inertia tensor. The obtained values for
the ecliptic longitude and latitude of the asteroid’s rotational axis were 198:9� and 2:9�, respectively.

In this work, the rotational period of 22 Kalliope was studied using the Lomb-Scargle method
applied on the observed light curve data. Additionally, using the same light curve data, the shape of
22 Kalliope was studied using the convex light curve inversion method developed by Kaasalainen and
Torppa (2001) and Kaasalainen et al. (2001).

2 Methods

A light curve is a graph representing the change of brightness of the object (which can be expressed
either in linear scale as flux density or logarithmic scale as magnitudes) over time. The flux density
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corresponds to the power radiated over a surface and magnitudes are a way to compare the brightness
of two light sources how human eye sees them, which is logarithmic compared to the 
ux density. The
relationship between the 
ux density F and the magnitude m of a source is the following:

F
F0

= 10 � 0:4�(m � m 0 ) (1)

Intensity I should be distinguished from the 
ux density, as it is 
ux density per solid angle, and if
a light source is isotropic (radiates equally in all directions), then the 
ux density is simply the product
of the intensity and solid angle. Therefore, if only a relative intensity of a source is needed, it can be
approximated as

I / 10� 0:4�m (2)

For asteroids, cold bodies that do not emit any light but only re
ect it from the Sun, the amplitude
of the light curve depends on the scattering properties of the surface and geometry, i.e. on the shape
of the asteroid and aspect, phase and obliquity angles (Zappala et al., 1990). As de�ned by Barucci
and Fulchignoni (1982) for the asteroid, aspect angle is the angle between the direction towards the
observer (Earth) and its rotation axis, the obliquity angle is the angle between the plane containing line
of sight and rotation axis and the plane containing the phase angle, which is the angle Sun-asteroid-
observer(Earth), as seen in the Fig. 1. For the asteroid 22 Kalliope, Bro�z et al. (2023) reports that the
maximum peak-to-peak di�erence of the light curve can be 0.6 mag. The e�ect of observing geometry
on the shape of the light curve can be seen in Descamps et al. (2008) in which are shown light curves
for 22 Kalliope over a period of �ve months.

Figure 1: Visual representation of aspect, obliquity and phase
angle, centred in the asteroid. Source: Barucci and Fulchignoni
(1982)

2.1 Light curve inversion

This was studied more in depth by Kaasalainen et al. (1992), Kaasalainen and Torppa (2001) and
Kaasalainen et al. (2001) which developed and optimised methods, explained below, for inversion of
the light curves to study the shape (mainly), albedo variations and other parameters concerning the
rotation and light scattering of the asteroid. Convex bodies are those for which any two points on
their surface can be connected with a line passing only through the body, not exiting it. In case of
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a convex-shaped asteroid, the light curves can be calculated (semi) analytically while for non-convex
bodies the light curves are obtained numerically using a ray-tracing algorithm for which the surface
has to be given as polyhedron with triangles as facets or in case it is given as a continuous function,
it has to be discretized into triangular facets.

The ray-tracing code checks which vertices and facets are above other facets's local horizon and
those are labelled to possibly block the light. Facets without vertices above the local horizon are part
of the convex hull, i.e. the smallest convex shape that completely encloses the surface of a non-convex
object. Afterwards, the light curve computation consists of basic geometric operations, like projections
along viewing and illumination directions. Facets outside the convex hull are then checked for visibility
and illumination and with those that are not blocked by some other facets, the brightness calulcation
is computed. In case of a large facet, checking only for central points is not accurate, therefore test
points are placed on the facet for better shadowing.

Scattering models describe how the incoming light interacts and is scattered from the surface. The
Lambert law, SL = �� 0 (where � = E � n and � 0 = E0 � n represent the scalar product of unit vector
towards observer (Earth) and Sun from asteroid's reference frame, respectively, and normal vector of
the surface) assumes that the scattering of light from an ideal di�use surface is equal in all directions.
The Lommel-Seeliger law,SLS = SL =(� + � 0), assumes that when light penetrates the surface, it is
exponentially attenuated and it is being scattered isotropically by each volume element (Fairbairn,
2005). Since there are no scattering models that adequately explain the behaviour of asteroid, a model
for the scattering law S(�; � 0; � ) for the given inverse problem (which should not have much parameters
because it would just cause instability and unrealistic results) was de�ned by Kaasalainen and Torppa
(2001) and Kaasalainen et al. (2001) in terms of phase functionf (� ), which describes how absolute
magnitude of the asteroid depends on the phase angle� , and as a combination of the Lambert's law
and Lommel-Seeliger law, wherec is the Lambert scattering parameter;

S(�; � 0; � ) = f (� )[SLS (�; � 0) + cSL (�; � 0)] (3)

so the surface elementds gives
dL = S(�; � 0; � )!ds (4)

to the total brightness, where ! denotes albedo.
The convex inverse problem can be stated as

L = Ag (5)

where L and g are vectors of the brightness and the parameters which have to be solved. If� 2 is
de�ned to be

� 2 = jjL � Agjj2 (6)

the problem may be solved by minimizing� 2. Matrix A is computed from Eqn. 4. The shape of the
asteroid is determined byg, called Gaussian surface density (sometimes it can also represent albedo
variation over the surface or combination of the two but it is usually assumed that it only represents
the shape since there would be strong implications of albedo variation or initial assumption). The
vector g can represent either the facets of the polyhedron or parameters of smooth functions.

In the former case, forg to describe a convex polyhedron, two constraints must be satis�ed; each
component ofg must be non-negative and

X

j

n j gj = 0 (7)

which if removed or not valid, means that g accounts also for albedo variations and the stability of
the solution should be checked. If Eqn. 7 is valid, then the shape of the light curves must have been
caused by the shape of the asteroid. To obtain the positive solutions for eachgj , it can be represented
in the exponential form with some values aj (which are not constrained, therefore they are more
practical), gj = ea j . Surfaces which correspond to constant� 2 are convex, i.e. hyperellipsoids, in
g-space, therefore there exists only one uniqueg for which the � 2 will be minimal and every gj will
be non-negative. Exponential function is monotonous, thus there exists only onea for each g.

To minimize � 2, conjugate gradient method (which is an iterative method) can be used, since a
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large number of parameters has to be used to ensure that the result does not depend on the directions
of surface normals, so the model could accurately represent the shape of the asteroid because otherwise
in the case where the number of facets is smaller, the result of the optimization could be biased by
the initial choice of normal directions and the minimization procedure would not be able to �nd
possible large facets in the convex hull as those cannot be found unless there is a surface normal that
closely corresponds to them. When the areas of facets are known, their vertices can be obtained by
the Minkowski minimization. The Minkowski procedure is a minimization procedure done iteratively
described more in detail by Kaasalainen et al. (1992), which is used to reconstruct the surface from the
discretized known Gaussian surface density. According to Kaasalainen and Torppa (2001), the goal is
to solve for the distances of facet planes from the origin,l , to minimize the inner product in Rn space,
hl ; gi , where g represents the given facet areas. The constraint function is the volume computed from
l, V (l), which is

V =
1
3

nX

j =1

l j A j (l ) (8)

where A j is the area of a facet computed froml. Taking the gradient of the constraint gives out A
and then the projection of A onto the constraint plane is f , which makes sure that the constraint is
satis�ed;

f = A �
hA ; gi
hg; gi

g: (9)

The polyhedron is constructed from l by mapping a plane whose surface unit normal isn into a
radius vector for each point by r = n=l and also the opposite is done;r is mapped into a plane with
correspondingn and l (this transformation is called dual transform). This way, the facets of a convex
polyhedron are mapped into vertices and vice versa, and the relationship between them is conserved.
After this transformation, convex hull algorithm is preformed where �rst one point of the convex hull
is picked (point a) and then another, adjacent point on the convex hull (point b) which can be selected
preferably so that the angular distance from the origin relative to a is the largest. Then the line
connecting a and b is the �rst base line. The next convex hull point is found using a reference point
c and then comparing another point d to c. If d is above the �rst base line, d becomes the newc.
After going through all the points, the remaining c is the new vertice of the convex hull. Thenb is
replaced byc and the procedure is repeated again. When all the vertices arounda are found, another
point from the existing convex hull is selected to be the newa and the procedure is repeated. Finally,
when there are no more points that were not the pointa, all points from list of vertices that do not
de�ne new planes (i.e. lie in the same plane as adjacent vertices) are removed. Afterwards, the facets
of convex hull in dual space are transformed into vertices in original space and the vertices of a facet
are determined from facets surrounding a vertex in the convex hull of the dual space. In this way, the
construction of the convex polyhedron corresponding tol is completed and computation of A j (l ) is
straightforward from the geometry. At each iteration step, the centroid of the polyhedron is shifted to
the origin, i.e. the new elements ofl in terms of old ones and the computed position of the centroid
r c are l i � n i � r c. At the end of the iteration, vertex coordinates have to be scaled with the factorp

jA j=jgj if the �nal vertices correspond to the initial facet areas. The direction and size of iteration
steps can be determined by methods like conjugate gradients. If during the line minimization any of
the trial steps results in negative l i , they have to be adjusted back to the positive range using, for
example, bisection.

Since the brightness of the asteroid is not uniform for di�erent phase angles (since at greater phase
angle it will be at greater distance from the observer on the Earth and therefore less bright), the value
of � 2 must be renormalized so each light curvei oscillates around unity;

� 2
ren =

X

i










L ( i ) � A ( i ) g

L
( i )










2

(10)

In case the object's curvature function G, in which can also be included albedo variations, is
represented to be exponential spherical harmonics series (Laplace series) in spherical coordinates of
the surface normal (#;  ),

G(#;  ) = e
P

l;m a lm Y m
l (#; ) (11)

whereY m
l are spherical harmonics andalm corresponds to the coe�cients ofY m

l , linearity is lost but the
positivity constraint is ful�lled and there is a possibility to do stable inversion without regularization.
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The total observed brightness, analog to the Eqn. 4 which is integrated over the regionA+ of the
Gaussian image sphere for which� and � 0 are non-negative, is

L (E; E0) =
ZZ

A +

SG(#;  )d� (12)

which is done numerically by summation over the triangulated (d� is approximated by the facets) unit
sphere, and analog to the Eqn. 5,gj then becomes

gj = G(#j ;  j )� � j (13)

For minimizing � 2 whose solution does not have large numbers ofalm , the Levenberg-Marquardt
method can be used with initial guess to be suitable triaxial ellipsoid. Levenberg-Marquardt method
is a method often used to minimalize the value of� 2(a) for model which non-linearly depends on a set
of parametersa, using the steepest descend method when far from the minimum and then shifting to
the inverse-Hessian method when approaching the minimum (Press et al., 1994). The shifting between
the two methods is controlled with the � parameter as a higher value of� corresponds to the steepest
descend method and low values of� to the inverse-Hessian method, so if a solution for� 2 gets worse
after on iteration step, then the � increases and vice versa. The� 2 is here de�ned as

� 2
rel =

X

i

�
�
�
�
�
L ( i )

obs

L
( i )
obs

�
L ( i )

L
( i )

�
�
�
�
�

2

(14)

where L obs is the observed light curve andL the modelled light curve, being renormalized with the
average brightnessL obs and L, respectively so the number of free parameters is additionally minimized
by removing scaling factors. The absolute brightness is usually connected with scattering properties
while the relative brightness, i.e. the shape of the light curves, is connected primarily with the rotation
parameters and shape, therefore in this way they are decoupled. Due to the opposition e�ect, sometimes
relative brightness must be used because there is no use in �tting the absolute brightness if the e�ect
of the solar phase angle cannot be precisely de�ned. Furthermore, the result of inversion problem is
only empirical �t, meaning it is being modelled to �t on the observational data and it is not a precise
theoretical solution, therefore the values of scattering parameters should not be taken too seriously.
When the curvature function G is obtained, it can be discretized to represent facet areas of a convex
polyhedron, usually using the Eqn. 13. After this, it is proceeded the same as in polyhedron method.

Although the behaviour of � 2 here, using smooth functions, is more complex than in polyhedron
method, the optimization procedure converges fast and e�ciently even with a poor initial guess, and
its solution can later be re�ned with the polyhedron method. Additionally, the convergence remains
strong even if some of the rotational or light scattering parameters are switched from being �xed to
having to be optimized.

In case when the albedo variations are pronounced, i.e. Eqn. 7 is strongly nonzero, the minimization
can be rerun using the convexity constraint which is non-linear due to the exponential form and
therefore cannot be directly projected searching directions into the convex subspace. Instead, convexity
can be enforced by adding a regularization function (which is here the length of the vector sum 7) to the
� 2, which is the same as changing the Eqn. 5 by adding three zero elements toL and three new rows
to A. This regularization is needed to remove the arti�cial albedo variations especially pronounced in
pole directions. Now the new objective function used for optimizing shape and albedo is

� 2
sep =

X

j

(gj � sj ! j )2 + � s

3X

i =1

2

4
X

j

ni
j sj

3

5

2

+ � ! f (! ) (15)

wheregj are facet values obtained from light curves,� are the regularization weights andf (! ) regular-
ization function for albedo which is chosen so that the albedo di�erences between facets that are close
to each other. The radius vector of the surface depends continuously on the Gaussian surface density
so if there are any small errors inG, this will not a�ect much the radius vector of the surface. Due to
this stability of Minkowski problem even larger changes in areas of separated facets do not have much
impact on the convex shape. The convex shape can be obtained even if the vector sum in Eqn. 7 is
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not zero, which can be also �xed by adding a new dark facet that has no impact on the overall shape
of the corresponding size but makes the vector sum zero.

The rotation parameters of the asteroid can also be added to the parameter set which is to be
optimized. Set P to be the period of rotation of the asteroid, the ecliptic longitude and latitude of the
asteroid's rotation axis are � and � , t0 is the initial time, � 0 is the initial rotation angle and P, then
the vectors r ast in the asteroid co-rotating frame can be aquired from vectors in the ecliptic coordinate
system r ecl

r ast = Rz (� )Ry (90� � � )Rz (� 0 +
2�
P

(t � t0)) r ecl (16)

with the rotation matrix Ri (� ) which rotates the vector along i-th axis for � in anti-clockwise direction.
This sets the Earth to lie in xz plane of the asteroid's coordinate system att0 and the longest radius
of the shape result will be aligned with thex axis. In this way, the directions of the Earth and Sun as
seen from the asteroid are function of the period and ecliptic coordinates of the asteroid's pole.

For the above explained convex inversion method, as concluded by Kaasalainen and Torppa (2001),
as long as the light curves cover a wide range of observing geometries and have enough datapoints,
there is no need for a large number of them. If the observing geometries cover only an interval of
small solar phase angles, there will be lack of shadowing e�ects (the observer will "see" almost the
same what the Sun "sees") so the information on shape will be restricted to general dimensions of
the asteroid because the light curves will not exhibit characteristic features caused by the shape. It is
suggested by the authors to use at least few light curves for solar phase angles greater than 20� . Due
to the positivity constraint, the convex shape obtained as the solution for a certain set of light curves
is stable and unique. Although some asteroids may have extremelly non-convex shape, the convex
solution of the above method gives a good �t to the input light curves and is similar to the convex hull
of the non-convex shape (but not the same as there are some deviations in the local surface curvature
to better �t the light curves and due to the Minkowski stability they do not in
uence much the global
shape of the convex hull), as the regularity and symmetricity contribute more to the brightness than
some non-convex features. In the obtained convex hull, the large planar areas correspond to concave
features. If choosing between the polyhedron or smooth function approach, the former is preferred for
the non-convex bodies as the large planar areas could not be so clearly de�ned using smooth functions.
In case of larger concavities, the inversion procedure will tend to compress the corresponding directions
of the shape solution. When it comes to errors, the e�ects of random noises are way less pronounced
than the systematic errors and errors in the model. The lower bound of the error can be estimated
by performing a series of optimizations using di�erent scattering laws, initial parameter values and
optimization methods.

2.2 Lomb-Scargle method

Period of rotation of an asteroid can be determined by analyzing its light curve by searching for a
periodicity in the dataset. Since the observations can only be made during night and because of the
weather and other factors, not every single night can be used for observing, so the data obtained
is irregularly spaced. The Lomb-Scargle method, described more in detail by VanderPlas (2018), is
an useful statistical tool, especially for astronomical observations, as it can detect periodic signal in
unevenly sampled data by computing a Fourier-like power spectrum for a spectrum of frequencies, and
the frequency corresponding to the highest value of power is the best guess for the frequency. It is
motivated by Fourier analysis whose form is analog to the least squares method but it can also be
derived from the axioms of the Bayesian probability theory.

Fourier transform is the decomposition of the given continuous signalg(t), a function of time t, into
a spectrum of frequencies. Fourier transform of a functiong(t), Ff gg(f ), is therefore a new function
of frequencyf , de�ned as

Ff gg(f ) =
Z 1

�1
g(t)e� 2�if t dt (17)

For two functions, f and g, the convolution f ? g is de�ned as

[f ? g](t) =
Z 1

�1
f (� ) � g(t � � )d� (18)

and an important property of convolution is that the Fourier transform of the convolution is the
product of Fourier transforms of each function.
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When dealing with a signal g(t), which is sampled evenly in time intervals � t, which can be
represented with a Dirac comb, de�ned as

III � t (t) =
1X

n = �1

� (t � n� t) (19)

the observed signalgobs is then the point product of the two and its discrete Fourier transform is

Ff gobsg(f ) =
1X

n = �1

g(n� t)e� 2�ifn � t (20)

The power of the Fourier transform is computed by squaring the modulus of the Fourier transform
and it is called power spectrum. Since the real life signal is �nite, measuredN times, calculating
power spectrum of such discrete Fourier transform (only here it is divided withN ) gives the classical
periodogram. The non-uniform sampling ofN datapoints gives the observing window

Wt n (t) �
NX

n =1

� (t � tn ) (21)

and the observed signalgobs(t) is, analogous from before, the product of the signalg(t) and Wt n .
After generalising the form of the classical periodogram, according to VanderPlas (2018), the following
expression for the Lomb-Scargle periodogram is

PLS (f ) =
1
2

(
P

n gn cos 2�f [tn � � ])2

P
n cos2(2�f [tn � � ])

+
(
P

n gn sin (2�f [tn � � ]))2

P
n sin2(2�f [tn � � ])

(22)

where gn � g(n� t) and � is a function of frequencyf for ensuring time-shift invariance:

� =
1

4�f
tan � 1

� P
n sin(4�f t n )

P
n cos(4�f t n )

�
(23)

The same result would be obtained �tting a simple sinusoid waveformy(t; f ) = A f sin(2�f (t � � f )),
where � f is phase, to dataset for each frequency from the spectrum and constructing a like-wise
periodogram for � 2 values, computed like

� 2(f ) =
X

n

�
yn � y(tn ; f )

� n

� 2

(24)

where (tn ; yn � � n ) are measured datapoints, and the� shift would then represent orthogonalizing
the normal equations used for the least squares analysis. Then the Lomb-Scargle periodogram can be
written in a form

P(f ) =
1
2

[ ^� 0
2 � �̂ 2(f )] (25)

where the ^� 2 denotes the minimum value of� 2 and ^� 0
2 is the non-varying reference model. In case

the signal cannot be described using a simple sinusoid (as in that case a simple model would compute
only an alias of the true frequency) a multi-term Fourier model can be developed, adding an additional
set of K � 1 sinusoidal terms;

ymodel (t; f ) = A0
f +

KX

k=1

A (k )
f sin(2�fk (t � � (k )

f )) (26)

Despite having a better �t using the multi-term model, more terms result in noisier periodogram
because of addition of peaks and could lead to over�tting, and the computation time is prolonged.

Nyquist sampling theorem sets the Nyquist sampling frequency to at least twice the frequency of
the signal, meaning that the continuous signal can be reconstructed from discrete samples only if they
are sampled with rate that is at least twice the signal frequency as otherwise the Fourier transform
(frequency domain representation) could not be recovered from the observed Fourier transform. If a
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signal has one component that has frequency higher than the Nyquist limit, then when decomposing
the signal into spectrum of frequencies, that higher frequency will be aliased into a lower frequency
which is in the Nyquist range. However, for an uneven sampling, Eyer, L. and Bartholdi, P. (1999)
proved that the following holds: Let p be the largest value such that eacht i (measured with in�nite
precision) can be written ast i = t0 + ni p for integers ni . The Nyquist frequency then isf Ny = 1=(2p).
This means that since the beginning of the observationst0, the datapoints are sampled at times which
are spaced for some integer number ofps (which is the largest such period that can be found) which
indicates that if there cannot be found a p, the Nyquist limit does not exist. In real life observations,
time measurements do not have in�nite precision therefore the Nyquist limit depends on the precision
of time measurement, which if it is to D decimal places, then the maximum value of Nyquist limit can
be

f Ny �
1
2

10D (27)

Also, since the measurements are not instantaneous but they are measured over a time�t , i.e.
windowing e�ect because the convolution of the signal with a measuring interval (rectangular window
function) will result in an observed window, this sets the maximum frequency that can be observed to
/ 1=(2�t ) as for higher frequencies the signal will be attenuated to zero.

When computing the periodogram, it is also important to de�ne a proper frequency grid as using
a grid with too wide spacings will result in the peak falling between those two grid points, while too
narrow spacings will result in prolonged computation. It is recommended by the author to use the
grid spacing

� f =
1

n0T
(28)

where T denotes the whole duration of the observing period, and the spacing is additionally divided
by some factorn0 to increase the number of samples per peak.

Error of a reported frequency depends on the width of its power peak, more precisely, half-width
half-maximum (HWHM) value of the peak f 1=2, number of samplesN and average signal-to-noise
ratio (SNR) �, which is introduced from the Bayesian view of uncertainty. The error � f can be
approximated as

� f � f 1=2

r
2

N � 2 (29)

The width of the peak itself does not (to the �rst order) depend on the number of datapoints nor
the SNR, but only the height of the peak depends on those two, which then describes how signi�cant
is the peak, not its precision. Although it is intuitive to only search for the best frequency and its
error, when using the Lomb-Scargle method, the probability of false peak and aliasing of frequencies
are a greater concern than the calculation of the error of a peak.

3 Observation

The observations were conducted during the period of 105 days, i.e. from March 30th 2024 to July
13th 2024, with the GoChile telescope situated in the south of the Atacama desert in Chile, whose
coordinates are 30� 27' S and 70� 45' W (GoChile, 2024). The telescope used was GoT1 telescope,
a 400mm f/6.5 Ritchey-Chr�etien telescope with mounted camera ASI6200MM Pro and �lters LRGB-
HaO3. Ritchey-Chr�etien telescopes are type of telescope whose both primary and secondary mirror
are hyperbolic, therefore they have wider �eld of view and comma, aberration where o�-axis rays are
smeared in a comet-like trail, is reduced (Karttunen et al., 2007).

The key factor for the observations was the weather, which, due to the autumn and winter season in
Chile during the observing period, was unpredictable, rendering many reserved nights on the telescope
unusable. In numbers, out of 33 reserved nights on the telescope, the weather and other factors were
suitable for observing only on 19 nights. Even on those 19 nights, the weather sometimes was not
perfect, so either the dome was closed for some period during the night or if the dome was opened
the clouds obstructed the view so there were problems with guiding the telescope, which resulted in
some images being smeared. To check the cloud coverage, website Windy (Windy.com, nd) was used.
Another factor that a�ected the observations was the proximity of the Moon to the asteroid in the
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sky, as the distance of� 20� and less is not suitable for the observations because of the moonlight.
Also, at the beginning of the observing period, the asteroid was visible only for a shorter time period
before dawn and its visibility time increased as time progressed.

Besides taking the images of the asteroid, callibration images must also be taken. Because the
asteroid's time of culmination, i.e. time when it reached the highest altitude above the horizon, was
closer to dawn then dusk, until the middle of June the callibration images were taken at dawn, and
afterwards they were taken at the dusk. Before taking any picture, the camera sensor had to be cooled
down to � 10� C to reduce the signal due to thermal excitation. During the dusk/dawn, 15 
at images
were taken in R �lter (to match the �lter used for asteroid's images) with software Voyager. Flat
images are used to remove the result of the uneven illumination of the camera sensor from the observa-
tional images. For 
at images, the target Analog-to-Digital Unit (ADU) was set to 18000, maximum
error to 20% and binning (combining multiple pixels into one) 2, which was kept the same for all types
of callibration images and for the observational images. After taking 
at images, 30 bias and 30 dark
images were taken with softwareMaxIm DL . Bias images are used to remove the signal due to constant
non-zero voltage and dark images are used to remove the signal due to the thermal excitation. For
dark images, the exposure time was 60 s to match the exposure time of the observational images.

The sequence for taking images of the asteroid was set in softwareVoyager to take images in R
�lter with exposure 60 s, which was selected because the asteroid's approximate apparent airless visual
magnitude for the observing period, read from the NASA Horizon System's ephemeris (NASA JPL,
2024), was approximately in the interval of magnitudes from 11 to 13. Due to the asteroid's and Earth's
motions through the Solar system, its coordinates change over time so before each observation, the
asteroid's coordinates (declination and right ascension) in the sequence were updated with the data
from the NASA Horizon System's ephemeris (NASA JPL, 2024). The R �lter was chosen to reduce
contamination from the scattering light coming from the Moon. Between each shot there was a waiting
period of 45 s. The sequence was started when the asteroid's altitude was higher than 30� , as on lower
altitudes the atmospheric scattering is more signi�cant due to the higher airmass, and the sequence was
set to exit when the asteroid's altitude was below 30� . To check the asteroid's altitude over the night,
but also the distance from the Moon and times of culmination and twilight, an online tool StarAlt
(Isaac Newton Group of Telescopes, 2024) was used. After the observation, the observational images
were calibrated with previously taken calibration images (dark, 
at and bias images) in softwareAstro
Pixel Processor and afterwards, the callibrated images were plate solved for an astrometric solution
in software ASTAP , which recognizes the patterns of stars and assigns corresponding declination and
right ascension to each pixel.

In the Fig. 2 is shown in negative the movement of the asteroid during one night of the obser-
vation, the night from 16th to 17th June 2024. That night had the best observing conditions (both
the weather and visibility time) so during that night the highest number of images per night (255 in
total) was gathered. The stacked image was acquired by stacking those 255 images with the software
DeepSkyStacker.

4 Data analysis

To analyze the data from observations, softwareAstroImageJ was used, in which the sequence of
the observed data for each night was loaded. First, usingAstroImageJ and ASTAP 's known-stars
database, candidates for comparison stars were determined in the images and their coordinates were
read and for each star a seeing pro�le was plotted to check if there is any other star very close to
the candidate star, which would result in wrong measured 
ux from the star. The magnitudes of the
candidate stars were obtained using the Pan-STARRS DR1 catalogue (Pan-STARRS1, nd), accessed
via VizieR, an online library of published astronomical catalogues. The goal was to �nd on average
5 comparison stars whose magnitude is close to the magnitude of the asteroid. In Appendix B are
listed the coordinates for epoch J2000, the unique object identi�er and magnitude in r �lter of all the
comparison stars used.

The Pan-STARRS survey (Chambers et al., 2019), which covers the part of the sky where the
asteroid was observed, uses the Pan-STARRS grizy photometric system whereas the R bandpass of
a generic photometric system was used for the observed data. This results in an error as those two
bandpasses are not the same. In Fig. 3 is shown transmissivity dependence on wavelength for the
Pan-STARRS grizy photometric system and for the generic Bessell photometric system (Rodrigo et al.
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Figure 2: Displacement of the asteroid during the observations on the night of 16th to 17th June
2024 shown in negative

(2012) and Rodrigo and Solano (2020)). Comparing the Pan-STARRS' r bandpass with the R band-
pass of a generic Bessell photometric system, the mean wavelength of the R bandpass is 6585.92�A and
its peak is narrower with higher transmissivity, while the r bandpass' mean wavelength is 6241.27�A
and it is wider with lower transimissivity. Di�erent stars have di�erent e�ective temperatures (surface
temperatures), so they do not have the same spectrum, i.e. the distribution of light over an interval
of wavelengths, so the same bandpass will transmit di�erent part of spectrum. Using multiple band-
passes, the temperature of a star can be characterized by its spectrum, which is often approximated
by color indices, di�erences in magnitude between two bandpasses (Chromey, 2010). Since di�erent
photometric systems use di�erent bandpasses, to transform magnitudes from one to the other, equa-
tions connecting color indices are often de�ned, an example being the paper on the transformations
between SDSS photometry and other photometric systems, Jordi, K. et al. (2006), in which is argued
how, besides the color index, also metallicity of the stars a�ects the transformation between systems.
Therefore, the r � R value will not be constant for di�erent stars, introducing an error for all the
measurements.

Aperture photometry is a technique of measuring the magnitude of a target object by de�ning a
circular and an annular region centred at the target and then the 
ux from the source is measured
inside the circular aperture and from it is subtracted the sky background noise counted in the annulus.
Di�erential photometry performs aperture photometry on the source and comparison stars, and then
by comparing the 
ux of the source with the 
uxes of the comparison stars, whose magnitudes are
known, it determines the magnitude of the source. For each night, after plotting the seeing pro�les
for the comparison stars and the asteroid, the radii of the circular and annular region were selected in
a way that the circular and annular region contain only the wanted source, without any background
stars which would result in a wrong measured 
ux. Here, part of the images could not be used because
the asteroid was occulting a bright star and therefore those measurements had to be excluded. The
di�erential photometry was performed on each image and the results were exported in a TBL �le. It is
also important to note that AstroImageJ accounts only for the errors in noise and it does not include
the uncertainties in the entered magnitudes of comparison stars. More in particular, according to
Collins et al. (2017), in the calculation of the uncertainties, gain of the CCD, background substracted
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(a) Transmissivity dependence on wavelength for generic �lters of Bessell photometric system

(b) Transmissivity dependence on wavelength for PAN-STARRS �lters

Figure 3: Di�erence between generic and PAN-STARRS �lters. Source: Rodrigo et al. (2012) and
Rodrigo and Solano (2020)

integrated counts in the aperture, number of pixels in the region used to estimate sky background,
number of sky background counts per pixel, total dark counts per pixel, read noise and fractional count
lost to digitalization in a single pixel are included.

To analyze the obtained data, a code was written inPython. Using the Pandas library, the neces-
sary data columns (JD UTC, Source AMag T1, Source AMag Err T1 and Source SNR T1 ) were read
and the light curve was plotted. Because the asteroid is moving with respect to the Earth and the Sun,
its apparent magnitude changes over longer period of time. Therefore, to remove this long-term trend
that is not connected with the change of the apparent magnitude due to the asteroid's rotation to
acquire the correct period of rotation with the Lomb-Scargle periodogram, fromscipy.interpolate
module in SciPy library, the LSQUnivariateSpline function was used due to the complexity of the
trend. For this so-called spline �tting, the 
exibility of the trend (spline) is set by de�ning the number
of knots, i.e. points in which the spline changes shape, and it splits that number of knots equally during
the time period. After trying out few di�erent number of knots, the detrending of the data turned out
the best when setting the number of knots, which is limited by the number of datapoints and spacing
of the data, to the maximum number, i.e. 21. Afterwards, from the astropy.timeseries module in
AstroPy library, lombscargle class was used to determine the rotational period of the asteroid. For
the Lomb-Scargle instance, the frequency array was de�ned with 30000 points linearly spaced from 3
day� 1 to 48 day� 1 (because the time is speci�ed in JDUTC), which corresponds to periods from 0.5
h to 8 h, as it is expected to get the period in that range. The 30000 points was chosen according to
the formula 28, which gives the value ofn0 of a bit more than 6 for a period of 105 days. The number
of terms was set to 8 and then the Lomb-Scargle power was calculated for each value of the frequency
in that range. The frequency in day� 1 was translated to period in hours by dividing 24 h=day with
the given frequency, as it is more intuitive to graph the Lomb-Scargle power dependence on period in
hours then on frequency in day� 1. The period corresponding to the highest power was then read and
to get the phased light curve, for the magnitude array the detrended magnitude was taken and the
phase array was de�ned by taking the decimal part when dividing the time array with the obtained
period (for this step, the period was kept in days to match the units). Finally, to compute the error
according to Eqn. 29, the HWHM of the highest peak (corresponding to the best frequency), the mean
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value of SNR and the number of data-points were calculated. To translate the error from frequency
to period, due to error being very small and the mentioned formula is the approximation itself, the
error for the period was approximated as half of the di�erence between the period corresponding to
the best frequency minus the frequency error and the period corresponding to the best frequency plus
the frequency error.

The 3D model was generated using source codes from DAMIT Project (2024). These codes, origi-
nally written in Fortran by Mikko Kaasalainen, were later converted toC by Josef �Durech. The model
was developed using the light curve inversion method, as described in Kaasalainen and Torppa (2001)
and Kaasalainen et al. (2001). First, programconvexinv was used, which optimizes the parameters by
computing the shape, spin and scattering model for which the best �t for the light curves is obtained.

The program requires the input light curve text �le to be of format where the �rst row indicates
the number of light curves (one light curve per night) which was set to 19, then follow the light curves.
For each light curve, the �rst row must indicate the number of datapoints and if the light curve is
relative or not, which for all light curves was set to 0 which indicates that the light curves are relative
since the calibrated ones should be reduced to a unit distance from Earth and the Sun. According
to Kaasalainen and Torppa (2001), the test simulations showed that the solutions using relative light
curves produced the same results as the calibrated ones, as for relative curves the e�ects of albedo
and shape are decoupled and in general the shape is the one that mainly determines the shape of the
light curve. Then in the following rows are datapoints of the light curve. First, the time must be
speci�ed in JD and it must be lighttime corrected, to take into account that it takes some time for the
light from the asteroid to reach the observer on the Earth. This was done by accessing JPL Horizons
ephemeris viaPython using the packageastroquery and the jplhorizons module from which the
Horizons class queries the data from the JPL Horizons system for a speci�ed object in the Solar
system for the observer on a speci�ed location and time and then.vectors() method gets the vectors
containing data and the lighttime values are read from it and it was substracted from the JDUTC
time. Next, the brightness of the asteroid must be given in intensity units, for which Eqn. 2 was used,
and the intensity value must be followed by x, y and z coordinates of the Sun and the Earth in the
asteroid-centric ecliptic coordinate system. Since the ephemeris does not have that data, thex, y and
z heliocentric ecliptic coordinates of the Earth and the asteroid were read and then relative positions
of the Sun and the Earth with respect to the asteroid were calculated.

The next text �le needed for the convexinv program is the one with input parameters in the fol-
lowing order: ecliptic longitude � and latitude � of the asteroid's pole in degrees, period of rotationP
in hours, zero time t0 and initial rotation angle � 0, convexity regularization weight, degreel and order
m of the Laplace series expansion, resolutionn, light scattering parameters: amplitude a, width d,
slopek, Lambert's coe�cient c and iteration stop condition. The data for the asteroid's pole, rotation
period and light scattering parameters can be either set to be �xed (the data is then followed by a 1)
or to be free (followed by a 0). Both t0 and � 0 can be set to 0. Thent0 is set to the lowest JD epoch in
the given data set. The convexity regularization weight is used to preserve the convexity of the shape.
Dark facet area makes the whole set of faces convex and does not signi�cantly in
uence the light curve,
therefore the goal is that it should be kept under 1% by adjusting the convexity regularization weight,
which is usually around 0.1 but can be increased to keep the dark facet area small. In case albedo
variates over the surface, this will result with better �t for higher dark facet areas. Degree and order
of Laplace series expansion a�ects the number of shape parameters, and it is recommended in the
description of the program to put these valuesl = m = 6. The resolution is de�ned as in number of
triangulation rows per octant, and it is recommended to set it to between 8 and 10. Light scattering
parametersa; d and k de�ne the exponential-linear formulation of the phase function f (� ) as

f (� ) = ae( � �=d ) + k� + 1 (30)

and since all used light curves are relative, �tting parameters to the phase function would lead to
divergence, thereforea = k = 0 and the choice of d does not matter. In Eqn. 3, c has a only a slight
e�ect on the model so it is recommended in the description of the program to �x it at 0.1. The last
parameter in the input �le, iteration stop condition, can either represent the number of iterations in
the Levenberg-Marquardt loop if set to integer value or it represents the smallest di�erence in root-
mean-square (rms) deviation between two steps after which the loop stops if set to be smaller than 1.
For the program, it was set to 0.0001. The program then, if run in verbose mode, outputs for each
step the values� 2

rel , rms deviation
p

� 2
rel =N (N is the number of datapoints) and � parameter. At the

13



end, solutions for the parameters from the input text �le and dark facet area are output. The program
also outputs text �les for the �tted light curves, modelled areas and vertices, and �tted parameters
(ecliptic coordinates of the rotational axis, the period of rotation and scattering parameters).

Next, the conjgradinv program was run, using as an input the text �le with the light curves, the
�le with the parameters which was output by the convexinv program and an additional text �le which
contains the convexity regularization weight, number of triangulation rows per octant (resolution), and
number of steps in the iteration loop. Although the conjgradinv program also computes the best
�t for the light curves, now only the optimization of the shape is done and all other parameters are
not being optimized anymore (it uses the results of theconvexinv for those). The shape is optimized
due to using the facet areas as parameters instead of the spherical harmonics representation as the
convexinv program did. As the convexinv program, if run with the verbose mode, it outputs for
each iteration step the values� 2

rel , rms deviation
p

� 2
rel =N and the area of dark facet. The 3D model

was created using theminkowski procedure which reads the Gaussian image which theconjgradinv
program outputs and then generates a convex polyhedron from its facet areas and normals. The output
model of the minkowski program is then read by thestandardtri program which makes all the facets
of the polyhedron triangular by removing the facets with less than three vertices and splitting those
with more into triangles. The output of the standardtri program gives the model described in a �le
which starts with a line that lists the total number of vertices and facets. After this, the Cartesian
coordinates of each vertex are provided. For each facet, the indices of vertices which surround the
facet, arranged in an anticlockwise order as viewed from outside the body, are listed. To translate this
�le to the OBJ format to easier handle the 3D model �le and to open it in any software that visualizes
3D models, aPython code was written. The code �rst reads the number of vertices and facets and
then �rst for the vertices, the x, y and z coordinates are read and stored in the list for the vertices.
Using the map(float, line) the string values are converted into 
oat values. Then all the facets are
read and stored in the list for the facets. Then an OBJ �le is created and �rst the vertices are written
in form "v x y z" and later all the facets are written in form "f index1 index2 index3".

By varying the convexity regularization weight, the resolution and number of steps in the iteration
loop, the shape was optimised to visually best correspond to the comparison model. For the comparison
model, the latest model in DAMIT database (DAMIT Project (2024) and Durech et al. (2010)) obtained
by Bro�z et al. (2023), the DAMIT Model 16282, whose 3D model was downloaded from DAMIT Project
(2024) in OBJ format, was chosen. Although Kaasalainen et al. (2001) describes a way to compare
two models A and B, whose centroids should be at the origin and their volumes scaled to be equal by
computing � � as

� � =
1

4�

X

i

j� (A )
i � � (B )

i j

� (A )
i

� � i (31)

where � is the distance from the origin of each vertex and� is the area of the triangle on the Gaussian
unit sphere, and then the lower the value the greater the similarity between the two models, this can
only be used in the case when the number of vertices is the same, which was not in this case, therefore
the only comparison that was done is the qualitative visual comparison.

To visually compare the two models, aPython code was written. First, each model in OBJ format
is loaded and vertices and faces are loaded into arrays using thetrimesh library. Then using the
np.linalg.norm(vertices, axis=1) the Euclidean norm of each vector, i.e. distance from the ori-
gin, is calculated for each vertex and the model is scaled by the maximum distance and another scaling
factor which is set manually, because the two models are not equally prolonged. Next, the Principal
Component Analysis (PCA) is initialized to �nd the three principal components (because the shape is
3D), which is then �t on both of the models using pca.fit() and the components are stored in a
matrix. To �nd the rotation matrix to rotate the second model in order for the principal components
of the two models to match, the transpose of the matrix for the second model is applied to the matrix
for the �rst model. To even better align the two models, which besides the rotation also includes the
translation and scaling, the Iterative Closest Point (ICP) method is used to minimalize the distance
between the points of the two models. The models are transformed into Open3D PointCloud objects
(Zhou et al., 2018) using theo3d.geometry.PointClod() and then the vertices are transformed into
point clouds using theo3d.utility.Vector3dVector(vertices) function. A treshold is set which in-
dicates the maximum distance between the points of the models that can be considered to be matching
and then registration icp performs the ICP alignment between the two point clouds by minimizing
the distances between points using the
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o3d.pipelines.registration.TransformationEstimationPointToPoint() method. The np.eye()
is the initial transformation matrix which is set to be the identity matrix of order 4 (because the 3x3
matrix in the upper-left part of the transformation matrix is for the rotation and scaling while the
column on the right of it is for translation and the bottom row is to make sure the multiplication of
the matrices could be possible) as it is assumed that some of the alignment was already done by the
PCA. The �nal transformation matrix is then icp result.transformation , by which the vertices of
the second model are transformed with the function
np.asarray(pcd2.transform(icp result.transformation).points) . Finally, the aligned 3D mod-
els are graphed in a 3D graph. The axes of the graph were adjusted so each of the models is fully visible
in the graph by stacking together the vertices from both models and then computing the maximum
peak-to-peak valuenp.ptp() for each axis and then setting the limits of each axis. For each model,
a patch for the legend was de�ned. Additionally, to better compare the two models, another plot
was added where the view from each axis was graphed in a separate subplot by setting three di�erent
viewpoints in terms of elevation and azimuth. The axes were again adjusted and the spacing between
the subplots was adjusted so the blank space between them was minimized.
All the codes written in Python are listed in Appendix A.

5 Results and discussion

In Fig. 4 is shown the light curve for the whole observing period, i.e. from March 30th to July 13th
2024, with time in JD UTC, with �tted spline which was used to remove the long-term trend. In the
inset plot, the detrended magnitude is shown for the whole observing period. At the beginning of the
observing period, the asteroid's brightness was the dimmest, with magnitude above 12.0. Afterwards,
its brightness kept increasing until reaching its maximum in the middle of June due to opposition,
when it was brighter than 11.0 magnitude. From the middle of June to the end of the observing pe-
riod, its brightness kept decreasing. This trend was also expected from the ephemeris data NASA JPL
(2024). As seen from the inset plot, the detrended light curve still is not perfectly detrended, as for
certain days, the amplitudes of change in the magnitude are not the same and the light curves are not
perfectly centered. Possible reason for that may be the unperfect detrending and errors during aper-
ture photometry. One possibility could be that because of the mismatch of the �lters, the magnitude
calibration using comparison stars might be inaccurate which could lead to overestimation/underesti-
mation of the asteroid's change in brightness, causing di�erent magnitude oscillations. The amplitude
of the light curve is approximately on average 0.4 mag, which is less then the maximum value it could
reach, 0.6 mag (Bro�z et al., 2023).

Figure 4: Light curve obtained from the data gathered over the research period, from March 30th
2024 to July 13th 2024, with shown trend and the same data detrended

An example of a light curve during one night is shown in Fig. 5 where a light curve for the night
from June 16th to June 17th 2024 is shown. As seen in the �gure, the light curve has a shape similar
to a sinusoidal one, only that it has two peaks per each period instead of one. Two consecutive peaks
look similar to each other, but there is a di�erence between the two as one is higher and sharper than
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the other one. Even during one night, a slight decrease in the brightness due to the asteroid's proper
motion can be noticed.

Figure 5: The light curve observed during the night from June 16th to
June 17th 2024

In the Fig. 6a is shown eight-term Lomb-Scargle periodogram computed for the periods from 0:5
h to 8 h. As expected due to the hardly distinguishable consecutive peaks, the periodogram has peaks
for approximately every 2:07 h, corresponding to half of the true period which is why usage of higher
number of terms is needed. For an eight-term model, the periodogram reaches its maximum for the
period (4:1482� 0:0003) h, which is in accordance with the values listed in literature; 4:148200 h
(NASA JPL, 2021) and 4:1483 h (Ferrais, M. et al., 2022). In order to compute the error of the best
period, the mean SNR was calculated to be 280 and the number of data-points is 3185. In Fig. 6b is
shown how the magnitude of the asteroid changes over the phase, i.e. phased light curve computed
for the period 4:1482 h with �tted eight-term model shown with black line. The correct period can
be obtained already with two-term model, but the �t to the phased light curve is much better with a
higher term model. Still, the �t is not perfect but using even higher number of terms would result in
a much longer computation time and it could result in potential over�tting. Some of the datapoints
largely di�er from the model �t, probably indicating that for some of the points, an error occurred,
probably due to error in aperture photometry, and it must also be taken into account that the error
bars may actually be larger, because the error bars displayed are only due to the noise in the images,
not taking into account the possible error of the aperture photometry. The correct period of 4:1482
h can be obtained already from the data from one night (for this, the data from the night from June
16th to 17th 2024 was used) but then the peaks in Lomb-Scargle periodogram are much wider and
therefore the error is bigger, 0:0008 h, and the minimum number of terms to obtain the correct period
is 6. As an additional check, theconvexinv program was run with the period parameter set to be free
with the initial guess of 4:1482 h, and for each set of other �xed/free parameters, the program always
output the period of 4:1482 h.

Using the convexinv program to optimize the rotation and light scattering parameters, the values
of the ecliptic longitude and latitude of the rotational axis of the asteroid were tried to be computed
using for the initial guesses the values which are in the same interval as the results from Ferrais, M.
et al. (2022), where the value obtained with the ADAM method was (195� 3)� and the value obtained
with the SAGE method 197� +1

� 0 for the ecliptic longitude and (4 � 3)� and 3� +2
� 2, respectively, for the

ecliptic latitude, and Bro�z et al. (2023), for whose model of the asteroid the values of 198:9� and 2:9�

were used. The computed ecliptic longitude was in accordance with the values obtained by Ferrais,
M. et al. (2022) and Bro�z et al. (2023), but all of the obtained values for the ecliptic latitude were
negative, going down to � 15� . Therefore, those two parameters were �xed for the values from Bro�z
et al. (2023). While varying the parameters to obtain the best visual match of the two models using
the conjgradinv program, the best match was when the resolution was set to 10 triangulation rows
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(a) The eight-term Lomb-Scargle periodogram com-
puted for the periods from 0 :5 h to 8 h

(b) The phased light curve computed for the period
of 4:1482 h and eight-term phase model

Figure 6: The Lomb-Scargle periodogram and phased light curve computed for the data shown in Fig.
4

per octant, the number of iteration steps to 200 and the convexity regularization weight to 0.1, which
yielded the value of 1.44 for� 2

rel , 0.021 for rms deviation and dark facet area 0.26%. Although it was
recommended for theconvexinv program to �x the Lambert coe�cient to 0.1 since it does not have a
big impact on the solution, the code was once run by setting it to be a free parameter (since all other
parameters ended being �xed) and it was optimized to be 0.58, but when this parameter was later
used to optimize the shape of the asteroid, the di�erence between the shape generated for this value
and the shape generated for the 0.1 value were almost the same visually, with shape for the value 0.58
being a bit more round-shaped, so the parameter was �xed back to the recommended value of 0.1 to
obtain the �nal shape, which is supported in Kaasalainen et al. (2001) that due to this model being
empirical, light scattering parameters should not be taken too seriously.

In Fig. 7 are shown both the 3D model generated with the data obtained during the observing
period (from here referred to as the INSPIRO model) and 3D model generated by Bro�z et al. (2023)
and listed as model 16282 in DAMIT (DAMIT Project (2024) and Durech et al. (2010)) (from here
referred to as the DAMIT model). The DAMIT model is shown in grey and the INSPIRO model is
shown in blue. Furthermore, all three views, fromx, y, and z axis are shown in Fig. 8. The two models
share corresponding structural features, the peak on one side and the bulge on the opposite side of the
model and they are both prolonged. Those features are more pronounced on the DAMIT model, whose
peak is sharper and it looks more prolonged. The INSPIRO model is more round-shaped and does not
have such detailed surface. It has some larger facet areas which may correspond to the non-convex
features which could not be shown because the code used generates only convex shapes. However, it
should be taken into account that the INSPIRO model was generated with the data collected over the
period of 105 days, which can be considered short as during this time period, the observing geometry
did not change much, and as read from the NASA JPL (2024) ephemeris, during the observing period
the phase angle was never more than 19� , so the information on shape was restricted to only the
general dimensions. To visualize this, the positions of Earth, Mars, the asteroid and Jupiter over
the whole observing period, with a one-week interval between the consecutive positions, were stacked
together into a single image shown in Fig. 9. The images were produced with NASA JPL's Orbit
Viewer (NASA JPL, nd). For the DAMIT model, the light curve used has �ve times more datapoints,
the data was taken over a much longer time period and it also used AO images. Despite the former,
increasing the number of datapoints in this work would not improve the model because of the lack of
diverse observing geometry. Comparing the number of datapoints and the time interval of light curves
used for the DAMIT model and the INSPIRO model, it can be concluded that the "sampling density"
is much lower for the DAMIT model. Therefore, even if the few suspicious data which are obvious
outliers in the phased light curve in Fig. 6b would be excluded from the dataset, the model would not
improve much (or not at all).

When comparing the shape of the phased light curve, shown in Fig. 6b with the generated 3D
model, it can be concluded that they do correspond to each other because due to the asteroid's
prolonged convex shape (and rotation axis positioned in the right way) that, over one rotation, it's
brightness will increase when it is positioned so that from the Earth, the most of it can be seen, e.g. as
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Figure 7: The 3D model generated using the data from the observations (IN-
SPIRO model) and 3D model generated by DAMIT (DAMIT Project (2024),
Durech et al. (2010)) and Bro�z et al. (2023))

the view from x or z axis in Fig. 8, and vice versa, when the smallest part of the surface is seen, e.g.
as the view from y axis in Fig. 8, then its brightness will decrease. Both of these occur twice during
each period, therefore the light curve will have two peaks and two throughs. This was discussed in
greater details in Kaasalainen and Torppa (2001), where one model of shape similar to the asteroid's
was used to generate a phased light curve whose shape corresponds to the shape shown in Fig. 6b.

6 Conclusion

To conclude, using the GoChile telescope, the data on asteroid 22 Kalliope was collected over the period
of 105 days, from March 30th 2024 to July 13th 2024, and the light curve was obtained performing
di�erential photometry on that data. Due to the proper motion of the asteroid, a visible trend is
seen in the light curve data as the asteroid reached its maximum brightness mid-June when it was
in opposition. Analyzing the light curve for each night, a variation in brightness which is similar
to a sinusoid one but only with two peaks per period which are barely distinguishable, can be seen.
The amplitude of the light curve for each night was approximately 0.4 mag, which is in accordance
with expected as the maximum value can be 0.6 mag (Bro�z et al., 2023). To determine the period
of rotation of the asteroid, the Lomb-Scargle method (VanderPlas, 2018) was studied and due to the
distinctive shape, initially the computed period was half of the correct one. Adding more terms in
the Lomb-Scargle model, the �t to the phased light curve was improved and the period obtained
was (4:1482� 0:0003) h which is in accordance with results 4:148200 h (Ferrais, M. et al., 2022) and
4:1483 h (NASA JPL, 2021). The light curve inversion method developed by Kaasalainen et al. (1992),
Kaasalainen and Torppa (2001) and Kaasalainen et al. (2001) was studied and the code developed by
Mikko Kaasalainen in Fortran which was translated to C by Josef �Durech was used to generate the
convex 3D shape of the asteroid using the obtained relative light curve data. When generating the
model, it was tried to optimize the rotational parameters of the asteroid. The period of 4:1482 h
was con�rmed using this method and the value of the ecliptic longitude of the rotational axis of the
asteroid was in accordance with the values obtained by Bro�z et al. (2023) and Ferrais, M. et al. (2022),
however, the ecliptic latitude of the rotational axis was obtained to be negative, di�ering from the
values obtained by Bro�z et al. (2023) and Ferrais, M. et al. (2022) for up to 20� . Therefore, to generate
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