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Abstract As the asteroid rotational period is important to the stutithe properties of asteroids (e.qg.,
super-fast rotators have structures owing an internal sioherather than being rubble piles bounded
by gravity only) so as not to fly apart), constructing an dffecand fast method used to search the
period attracts much researchers’ attention. Recentty,Bifyesian generalized Lomb—Scargle (BGLS)
periodogram was developed to improve the convergencesaftigiof the Lomb—Scargle method. However,
the result of BGLS varies with the frequency range and cameét the two minimum/maximum
requirements for a complete rotation of the asteroid. Wep@se a robust BGLS-based method that
efficiently determines rotational periods. The proposethoe employs a polynomial series to fit folded
light curves with potential periods, initially calculateding the BGLS periodogram, and adopts a merit
function to estimate and refine best-fit periods. We estirtregeotational periods of 30 asteroids applying
the new method to light curves from the Palomar TransientofadResults confirm the effectiveness of the
BGLS-based method in deriving rotational periods from gibbased observations of asteroids. Further
application of the BGLS-based method to sparse light cusiesh asGaia data, is discussed.
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1 INTRODUCTION periods is thus essentiaLgw et al. 2009 Perley et al.
202Q Prusti et al. 2016 An accurate estimate of periods
“Asteroids have been viewed as remnants of planetargan help to obtain other precise parameters (such as
formation” (Demeo & Carry 201} and are therefore the parameters of asteroid shape), because the rotational
important in our understanding of the evolution of period is a significant part of complex inversion research
the Solar SystemlZidoro etal. 2015 Combining the |ike convex inversion and the use of the Cellinoid model
information on the rotational period of asteroids and(Kaasalainen et al. 201Ru et al. 201§.
their corresponding size, it can help to distinguish the Generally, besides the second-order Fourier series,
interior structures of asteroids (e.g., monoliths, rubblggne of the widely used methods adopted in quickly
piles, and shattered but coherent object$rtis 1996 eriving the rotational periods of asteroids from light
Bagatin et al. 2018Parker et al. 2008 Additionally, the ¢ rves Harris et al. 2014 VanderPlas & Ivezic 2015
spin rate distribution generated by an amount of asteroigyaszczak et al. 20)5another popular approach of pre-
rotational periods provides information on the size a”ddicting the rotational period of the asteroid is Lomb—
location in the main asteroid belt (e.g., “the spin rateScargIe (LS, the first-order Fourier seriekpib 1976
distributions of asteroids o < D < 15 km in size  gcargle 198p The Bayesian generalized Lomb—Scargle
show a steady decrease along frequency'for5 rev/day,  (BGLS) periodogramNlortier et al. 2015is an extension
regardless of the location in the main beltQHang etal.  f the LS method for the analysis of periodic photometric
2017). time series and is more efficient compared with LS in
Nowadays, more and more surveys have been corpbtaining periods. A major characteristic of BGLS is
ducted or are planned in the near future for asteroidhat it describes the probability distribution to present
discovery (e.g., CSS, PS1, ATLAS, and LSST), and sucla full sine function with the specific frequency in the
surveys provide hundreds of thousands of sparse asteroifhta, which cannot meet the two minimum/maximum
light curves, a more efficient way of measuring rotationalrequirements for a complete rotation of the asteroid.
Besides, the result of BGLS will vary with the preset
* Corresponding author range of frequency. Therefore, the BGLS is not appropriate
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for direct use in searching for the periods of asteroidshe BGLS, a full sine function model that describes the
from light curves. The present article introduces a BGLS-periodic signal in time series data is defined as

based method for finding the best-fit rotational period. By

applying.the method to Palomar. Transient Fgctory (PTF) (£)s = ys — A cos(27 ft; — 0) + Bsin(2r ft; — 0)
observations, we present an estimate of rotational periods (1)

for 30 asteroids and obtain results that are consistent with tr+e,

the results of other research. Furthermore, as more SParGferey; is the data point corresponding to the time
light curves are made on space missions, such a6d® 4 anq B are respectively cosine and sine amplitudes,
mission, we apply the BGLS-based method .to search fOF is the given frequency] is an arbitrary phase offset
the best-fit period of (216) Kleopatra fro@aia sparse 54 “was chosen by Lomb to make the sine and cosine
light curves. Although it is difficult to obtain the period ,odel functions orthogonal on the discretely sampled
from sparse data through spectral analysis, the proposggl,qs» (Bretthorst 2001 ~ is the data offset, and;
method derives the correct rotational period for (216)g the noise at time; (Forbes etal. 1978Press et al.

Kleopatra. This shows the potgntial application qf theZOO'/)_ This noise is per timet; Gaussian—distributed
BGLS-based method to sparse light curves, sucBa@a  5,0und 0 with a standard deviation of,, which is

data. the estimated uncertainty on the data at timee; ~
The remainder of the paper is organized as follows.N (0, ;)). Given dataD = {t;,y;, 0;}~., (WhereN is
First, basic knowledge of the LS method and its extensionghe number of observations) and prior knowledgehe
is presented in Sectioh Subsequently, the asteroid light pest-fit frequency corresponding to the largest value of the
curve is described in Sectidhand the proposed BGLS- posterior probability?( f| D, I) is obtained:
based method is illustrated in detail in SectiénThe i i
folded light curves and merit function are presented in  p(f|p 1) = / // P(fAB~|D,I)dAdBdvy. (2)
this section. Following its description in Sectidn the
proposed method is applied in searching for the rotational The BGLS method has advantages in implementation
periods of 30 asteroids from PTF observations and the casg,q is appropriate for both unevenly and evenly sampled
of sparse light curves for (216) Kleopatra is discussedgzta: e.g., ground-based light curves and space-baséd ligh
Finally, conclusions and directions of future work arecyrves and it also inherits the advantages of the general
presented in Sectiol Bayesian method, which are “more flexible models, more
principled treatment of nuisance parameters related to
noise in the data, and the ability to make use of prior
2 LSAND BGLSMETHODS information in a periodic analysis”VanderPlas 2017
. ) L o ) Furthermore, it performs well in searching for the best-
Deriving the rotational period is a significant part in theﬁt period using periodic photometric data, especially for

INVETSE Process from the qbserved photometric data cgparse light curves even when the limited dataset contains
asteroids. The LS method is widely adopted to analyzq:ew observations

frequencies of time series and to search for best-fit periods However. as mentioned above. BGLS is a full sine

from light curves, especially in the case of unevenlyg,ion model. According to a simpler shape model of
sampled datalomb 1976 Scargle 198p the asteroid (i.e., the ellipsoid model shown as Hij.
However, the original LS method does not include(karttunen 1989 Karttunen & Bowell 1989, the light
the weight of data errors or consider the constantyrve of such an ellipsoid is a double-peaked sinusoid.
offset effect due to hardware. Studies have investigateglven for the cellinoid model (i.e., an extension of the
these shortcomings~€rraz-Mello 1981 Cumming etal.  traditional tri-axis ellipsoid shown in Fig2), the light
1999 Zechmeister & Kurster 20Q9and proposed the cyrve of that should have two maxima or two minima in
generalized LS (GLS) methodZ¢chmeister & Kiirster one rotational period. The result searched by the BGLS
2009. Nevertheless, all methods face a drawback owing t@annot meet the requirement for a complete rotation of
the expression of arbitrary power. This shortcoming makege asteroid. Moreover, the BGLS will get different results
it difficult to compare peaks. To better evaluate relativedue to different preset frequency ranges. Hence, the BGLS
probabilities among peak8retthorst(200]) generalized s affected largely by the intervals used in the initial
the LS according to Bayesian probability theory (i.e., thesearch of the frequency range. It is thus time-consuming
BLS method). The BLS is much more efficient than thetg preliminarily set an optional frequency interval when
traditional LS in finding best-fit rotational periods. searching rotational periods of a huge number of asteroids
In 2015, Mortier et al. (2015 proposed a Bayesian or searching rotational periods from a sparse light curve
formalism for the generalized Lomb—Scargle periodograntollected for months. Therefore, we need to modify the
(i.e., the BGLS method) by combining GLS and BLS, BGLS method before we use it to estimate the asteroid
such that the result is intuitive and unique. When adoptingotational period.
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< ¢ =G + Gaga + (1 — G1 — Ga)¢s, 4)

e whereG; andG, are defined as

{0.75276‘12 +0.06164 if G < 0.2
L=

] -~
2 BT ¥ e . ,
/I 0.9529G 12 + 0.02162 otherwise -
5
P —0.9612G15 + 0.6270 if G < 0.2
X Gy = .

—0.6125G12 + 0.5572 otherwise

Academy Atworks

Whereas the handling process df for Gaia data is
Fig.1 Ellipsoid shape model. rewritten as

m — 0.047344 + 0.16405m — 0.046799m?
+0.0035015m3, if 2.0<m < 6.0,

m — 0.0032 % (m — 6.0), if 6.0<m < 16.0,
m—0.032, if m>16.0,

M =

(6)
which follows the process dvans et al(2018.
To measure the rotation period through analyzing light
curves with the BGLS method, the function &f with
respect to observation tintds written as

=2c

citez

M(t)l = Mz = ACOS(27Tfti — 9) + Bsin(27rfti — 9)

+v+e,
Fig.2 Cellinoid shape model. (7
where the definitions of parameters are the same as
3 ASTEROID LIGHT CURVES Equation (), note that the phase offset paramétéias no

) ) o o _relationship with the phase functi@if«) in Equation 4),
In this article, the periodic variability term due to ro@ti 5 it “was chosen by Lomb to make the sine and cosine
M (corrected magnitude) is handled with different forms,5qe| functions orthogonal on the discretely sampled
in PFT data andGaia data. For PTF data, thé/ is  times” (Bretthorst 200)L
modeled as

M =m—H—5logyy(rA) + 2.5logo [6 (a)], (3) + BELSBASEDMETHOD

To mitigate the problems existing in the BGLS, in
this article, we propose a BGLS-based method that is
more suitable for estimating the rotational periods of
asteroids. The overall process of the BGLS-based method
i[s illustrated in detail as follows.

wherem is the apparent magnitudé{ is the absolute
magnitude,r and A are respectively the heliocentric
distance and geocentric distance, ah@) is the phase
function'. The phase function in EquatioB)(is used to
simulate the scattering effect corresponding to differen
solar phase angles, especially covering the opposition

effect. Several phase models are used to simulate tHed Process of the BGL S-based Method

scattering characteristics by combining the oppositiory complete light curve of an asteroid covering a full
effect at a small phase angle and the linear relationship,;ation have two minima and two maxima. The general
at a large phase anglSitevchenko 1997Bowell etal.  gG| s method only finds the period for the periodic
1989 Muinonen et al. 2010 In this work, the magnitude  npotometric time series, which is half the asteroidal

data we utilize to estimate the rotgtional period ISsynodic period (where this period can be searched for
extracted fromVaszczak et al2019 and is corrected for 1 \when the interval is set suitably). Therefore, firstly,

distance and phase function. According to the workflowq adopt the BGLS to search for possible peridtis=
of Waszcz.ak et al(2019, the smglg-parameteﬂ‘lz form [p1,p2,- - v, ], whereN, is the number of intervals that
of the Muinonen et al. modeMuinonen etal. 2010is  \yge preset. Secondly, as pre-setting the frequency range is
employed and it is expressed as necessary for BGLS, we think it is may be effective to

1 The form of Eq. 8) follows the definition inVaszczak et a(2015), evaluate mUIt'pl_e_C‘T’md'date periods C_)btamed _by different
the M andm correspond to thé andV/, respectively. ranges (e.g., dividing a full range into multiple small
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ranges) to find the best-fit one. In this work, we prese6 RESULTS AND DISCUSSION
10 frequency ranges and each range contains one hour, in o
other words, we divide 10 hours evenly into 10 interéals >-1 SyntheticLight Curves

to search for 10 possible results.adopt-mg thg BGLS. Fo n this part we provide two synthetic examples that expose
each result, we apply a polynomial series to fit the folde

he effectiveness of the BGLS-based method. Supposing

light curves: the longitude and latitude of the pole orientation is
K (0°,90°) in the ecliptic frame and the rotational period

M,; = ij x (t; mod (P, x2)), (8) is P = 5 hr, six semi-axes arfi,0.8,0.9,0.8,0.7,0.6],

§=0 the synthetic light curves are generated in Fig8rand

o _ . _ _ Figure 5 based on the cellinoid shape with the Gaussian
where M; is the synthetic data point at tinte while ;. noise N (0,1). The two light curves contain different
is the coefficient of the polynomiak® is the degree of pservation points: 100 and 30, respectively.

the polynomial under the assumption tiay, is them-th The results searched by the BGLS-based method are
possible rotational period. shown in Figure4 and Figure6. From the folded light
Subsequently, a new merit function curves figure we can learn the light curve with 100
N observations shows the resbild336 hr whereas the sparse
Y2, = Z(Mi — M), (9) light curve show; th-e res@ltOQOQ hr. _The error influenced
Pt by Gaussian noise is 1 min —~2 min. The difference of

) . . . . . ) . searched results is caused by the noise, obviously, we can
is defined for estimating the derived possible periods usingaea the noise points in the sparse light curve are smaller

the BGLS and refining the best-fit result, whereis the 5, those in the light curve with 100 observations.
index of the possible periods, namely = 1,2, --- | 10,

and N is the number of observation points with the :
5.2 Real Light Curves
corrected magnitud/; (cf. Eq. ) and Eq. 6)). g
Finally, the possible period derived using the BGLSTo evaluate the performance of the BGLS-based method,
with the smallest? is the best-fit result. Furthermore, its we employ ground-based light curves (e.g., the B BRd

double is the rotational period of the asteroid. sparse space-based light curves (e.g., the seGaiaddata
releaseGaia DR2) to complete experiments, respectively.
4.2 Algorithm The PTF is a synoptic survey conducted using a

) ) wide-field survey camera designed to search out the
To sum up, we search the period step by step in each range,nsient and variable skyLgw et al. 2009 Rau et al.

and find one candidate period in each range (i.e., in ea%og_ Waszczak et al(2019 searched all PTFR and

range, _B,GLS gives only one result with a Co”?Sp‘?”,dmgg—band) data from 2009-March-01 through 2014-July-18
probability of 1). After that, we use the polynomial fitting ¢5; ail numbered asteroids as of 2014-July-12 and gave

to find which candidate period is the best-fit. T_he over_allthe processed data in an online document (i.e., table 4
process of the proposed BGLS-based method is describgd \waszczak et al. 20351 our work, we extracted the
in Algorithm 1. magnitude corrected for distance and phase function from
Waszczak et a[2019 into the period analysis.

Gaia® is a space observatory that measures the posi-

Algorithm 1 BGLS-based method

'”p“Tti:me Seriest: tions, distances, and motions of stars with unprecedented
Corrected Magnitude)T; . precision Prustietal. 2016 Perrymanetal. 2001 A
o tUntcertalnty in apparent magnitucksr. synthetic presentation about the case of GDR2 photometric
utput: . . . .
%est-fit rotational periodp. data is given byGal_a Collaboration et al(2018. We
1: Preset 10 intervals from 0 to 10 hours. correct that the magnitude (G-band) also follows the work

2: Search possible periods,, (m € [1,10]) adopting the
BGLS periodogram in each interval. of Evans et al(2019 (Eq. ©)).

3: Fita polynomial using Eq.g).

4: Calculatey?, using Eq. 9). 5.3 Applications
5: Find the index of the minimum of? and updateP =

Pindex *]g. In total, we search for the best-fit rotational periods of 30
6: return P.

asteroids using our proposed BGLS-based method from
the light curves observed in the survey of the PTF.

2 The range of intervals can be changed depending on the specifi An appropriate step length of the frequency should

requirement. The asteroid rotational periods are not Iotigen 20 hours ~ Palance the computational cost and accuracy. If the step
and we thus initially search for periods by dividing the pdrrange into
10 intervals (i.e., 1 to 10 hours). 4 http://ptf.caltech.edu

3 In this work, K is equal to 12, which is an empirical value. 5 https://ww. cosnps. esa. i nt/ web/ gai a/
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length is larger the prediction result might be not so(e.g., asteroid 1633, asteroid 1778, and asteroid 2627).
accurate, if the step length is finer the computational costhe asteroid 2804 shows the most obvious difference,
is too huge and the accuracy of the prediction result mayhe period of asteroid 2804 is recorded as 8.10 hr in
improve little. To find the proper step length, a numericalChang et al.(2014. Supposing the rotational period of
experiment is conducted with different step lengths of theasteroid 2804P = 8.1 hr, the result searched by
frequency, namely 0.0001, 0.001, and 0.0025. The resulté/aszczak et ak2015 P = 6.128 hr, then we can get the
are listed in Tablel. The computing time is the total relationship? ~ 3/4P.
time required to search for the rotational periods of the  For the difference in derived periods between this
30 asteroids. The table shows that the finest step lengifork and Waszczak et al(2015, the phase offset term
of 0.0001 obtains the correct periods, while the results arenay be a reason. The two works handle the phase term
not satisfactory when the step length0i©®025 although  of the sine function with different forms and this could
the computational cost is low. To balance the accuracy angring a difference in calculation. Additionally, as both
computational cost, we suggest a step length.001 in  of our methods and the previous methadaszczak et al.
the large-scale searching of rotational periods of a huggo15 are based on a periodic time-series analysis, the pole
number of asteroids. and shape of an asteroid are not considered, resulting in
We compare the results of our work and the previousieviations in the obtained results.

work of Waszczak et al(2015. The obtained rotational The folded light curves of 30 asteroids are shown in
periods are listed in Tab Figure 7, where thez-axis andy-axis of each subfigure
Table 2 shows that the rotational periods of someare respectively the time and magnitude calibrated for
asteroids are almost consistent with the results of previouthe phase function and distance. Figireeveals that the
work (e.g., asteroid 300, asteroid 6221, and asteroidhajority of folded light curves cover a whole rotational
13919), some results have a deviation of about 1 minutperiod. This confirms that the BGLS-based method has
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Fig.7 Folded light curves of 30 PTF asteroids using the BGLS-basetthod.Red points are data andray curves are
the fitting results.

a good recovery capability in searching for the rotational =~ \We obtain the period for (216) Kleopatra from limited
periods of asteroids. sparse light curves ifcaia DR2. The total humber of

The application of the BGLS-based method to PTFobservations i7 as shown in Figuré.
data shows that the proposed method performs well The light curve of (216) Kleopatra in FiguBseven
in determining the rotational periods of asteroids usingpoints lying approximately on a vertical line. These seven
the light curves obtained from ground-based observapoints were observed on two consecutive days; i.e., these
tions. Nevertheless, there are asteroid surveys conductedven points were collected for one whole rotational period
in space; e.g., theGaia mission Prustietal. 2016 and can be used to search for the rotational period adopting
Perryman et al. 2001 the BGLS-based method. In a series candidate periods
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Table 1 The Rotation Periods Obtained Using Different Table 2 The Comparison of Rotation Period between

Step Lengths

Waszczak et al2015 and This Work

Obj ID Step Length  Step Length  Step Length Obj ID Period Period
0.0001 0.001 0.0025 (Waszczak's Work) ~ (Our Work)
00300 6.85 6.85 6.86 00300 6.8504 6.8503
00543 10.72 10.72 10.73 00543 10.7643 10.7246
01633 6.64 6.64 6.65 01633 6.6367 6.6416
01778 4.82 4.82 4.81 01778 4.8050 4.8183
01913 13.98 13.98 13.98 01913 13.9854 13.9837
02217 6.94 6.94 6.94 02217 6.9254 6.9395
02270 7.79 7.79 7.79 02270 7.7272 7.7920
02627 7.65 7.66 7.65 02627 7.6719 7.6552
02804 8.14 8.14 8.14 02804 6.1280 8.1368
03640 3.27 3.26 3.27 03640 3.2632 3.2594
04365 9.88 9.88 9.88 04365 9.7957 9.8764
04385 5.57 5.57 5.57 04385 5.5518 5.5655
05673 5.82 5.83 5.82 05673 5.8237 5.8251
05770 13.98 13.98 19.75 05770 13.9758 13.9837
05823 2.80 280 2.80 05823 2.8010 2.8003
06221 13.79 13.79 13.79 06221 13.7881 13.7884
06932 3.79 3.79 3.79 06932 3.7980 3.7949
07380 4.37 4.38 12.03 07380 4.3641 4.3752
07751 9.42 9.42 9.42 07751 9.4195 9.4156
07980 10.43 10.43 10.43 07980 10.4345 10.4316
07998 6.50 6.50 6.50 07998 6.5026 6.5028
08080 3.53 3.53 3.52 08080 3.5331 3.5332
08245 4.72 4.72 4.75 08245 4.7157 4.7160
08859 3.90 3.90 3.89 08859 3.8981 3.8985
09196 8.27 7.10 7.09 09196 7.0999 7.0956
09234 6.06 6.06 6.06 09234 6.0570 6.0561
10947 3.15 3.15 3.15 10947 3.1486 3.1514
11515 3.34 3.34 3.35 11515 3.3368 3.3439
13919 6.00 6.00 6.00 13919 5.9984 6.0000
14430 4.83 4.8 4.83 14430 4.8393 4.8300
Computing time 263.7518 85.7628 74.0981

The rotational period is in hours and the computing time is in

seconds.

2.6927 hr

1.0

o
®

Corrected magnitude

Probability

°
=

0.2

2.0 2.2 26 2.8 3.0

2.4
Rotation-period (hr)

Fig.9 The periodogram of (216) Kleopatra obtained by
BGLS.

Fig.8 The light curve of (216) Kleopatra obtained from

the Gaia DR2.

&

©

»

JD + 2457000

P o 2.6927 corresponds to 1, so the best-fit rotational period of
(216) Kleopatra is finally obtained &s3854 hours, which

is consistent with the result obtained IGellino et al.
(2009, Cellino et al.(2019 andPal et al.(2020. Folded
light curves are shown in Figu.

6 CONCLUSIONS

obtained by BGLS, the most possible result lies in the

range of (2, 3) hours with the minimum gf (cf. Eq. @), A BGLS-based method was proposed to search asteroid
the periodogram in the range (2, 3) hours is shown irrotation periods and it was applied to 30 asteroid light

Figure9. From the plot we can see the probability of pointcurves obtained from the PTF. The rotation periods
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