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Abstract

We performed photometric observations of the binary near-Earth asteroid (65803)
Didymos in support of the Double Asteroid Redirection Test (DART) mission that
will test the Kinetic Impactor technology for diverting dangerous asteroids. It will
hit the Didymos secondary, called Dimorphos, on 2022-09-26. We observed Didy-
mos with 11 telescopes with diameters from 3.5 to 10.4m during four apparitions in
2015–2021, obtained data with root-mean-square residuals from 0.006 to 0.030mag.
We analyzed the lightcurve data and decomposed them into the primary rotational
and the secondary orbital lightcurves. We detected 37 mutual eclipse/occultation
events between the binary system components. The data presented here, in combina-
tion with 18 mutual events detected in 2003 (Pravec et al., Icarus 181, 63-93, 2006)
provide the basis for modeling the Dimorphos orbit around the Didymos primary.
The orbit modeling is discussed in detail by Scheirich&Pravec (PSJ, in press) and
Naidu et al. (PSJ, submitted). The primary lightcurves were complex, showing mul-
tiple extrema, on some epochs. They suggest a presence of complex topography on
the primary’s surface that is apparent in specific viewing/illumination geometries;
the primary shape model by Naidu et al. (Icarus 348, 113777, 2020) needs to be
refined. The secondary rotational lightcurve data were limited and did not provide
a clear solution for the rotation period and equatorial elongation of Dimorphos.
We define requirements for observations of the secondary lightcurve to provide the
needed information on Dimorphos’ rotation and elongation when Didymos is bright
in July-September 2022 before the DART impact.

Key words: Asteroids, satellites; Photometry; DART space mission; Hera space
mission
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1 Introduction1

The near-Earth asteroid (65803) Didymos, originally designated 1996GT, was2

discovered by the Spacewatch asteroid survey from Kitt Peak Observatory in3

Arizona on 1996 April 11. Seven years later it was thoroughly studied with pho-4

tometric and radar observations around and after its close approach to Earth5

in November 2003, which led to the discovery of its satellite with photometric6

observations taken from Ondřejov Observatory, Carbuncle Hill Observatory7

and Steward Observatory during 2003 November 20–24 and with radar obser-8

vations from Arecibo on 2003 November 23 and 24 (Pravec et al., 2003). The9

photometric observations were analyzed and modeled in Pravec et al. (2006)10

and Scheirich and Pravec (2009), where they published initial estimates of sev-11

eral parameters of the binary asteroid system, including first estimates of the12

secondary (satellite) orbit around the primary body of the binary system. The13

radar observations were published and modeled together with the photometric14

data by Naidu et al. (2020) who obtained a shape model of the primary and15

determined or constrained several parameters of the binary asteroid system.16

The current best estimates for parameters of the primary, the secondary, and17

their mutual orbit are given in Scheirich and Pravec (2022), and we give the18

nominal values for some of them in following. The volume-equivalent diam-19

eters of the primary and the secondary are 0.78 and 0.17 km, respectively.20

The geometric albedo in the V band is 0.15. The mutual orbit is retrograde21

with the J2000 ecliptic coordinates of the pole (LP, BP) = (320.6◦,−78.6◦),22

with a semimajor axis of 1.19 km and an orbital period of 11.9216 h. Spectral23

observations taken in 2003 originally classified Didymos as an Xk type (Binzel24

et al., 2004), but later analyses led to a consensus on a silicate composition25

for the binary system (de León et al., 2006, 2010; Dunn et al., 2013). New26

spectral observations obtained in 2021 have confirmed its silicate nature, with27

hints of possible small spectral variability with the primary’s rotation (Ieva28

et al., 2022).29

The secondary of the Didymos binary system, recently named Dimorphos, has30

been selected as a target of the Double Asteroid Redirection Test (DART).31

DART is NASA’s first planetary defense test mission, demonstrating the ki-32

netic impactor mitigation technique. It launched from Vandenberg Space Force33

Base in November 2021 and will arrive at the Didymos system and impact into34

Dimorphos on 2022 September 26. The main benefit of using a binary asteroid35

system for a kinetic impactor mission is that it allows the results of the test36

to be measured from Earth via photometric measurements, assuming that the37

binary system exhibits mutual events seen from Earth. 1 Mutual events in the38

Didymos system can be seen from Earth, making it a suitable target. Rivkin39

et al. (2021) discuss the factors that led to the recognition that Didymos was40

the best candidate for a kinetic impactor test, and its selection as the DART41

target system. Several years after the DART impact the Didymos system will42

1 DART will also perform a limited characterization of the Didymos system around
the impact time. It will carry the ASI Light Italian Cubesat for Imaging of Asteroid
(LICIACube) (Dotto et al., 2021) as a piggyback. The LICIACube will perform an
autonomous flyby of the Didymos system probing the DART impact and it will
study the structure and evolution of the ejecta plume produced by the impact,
which is expected to bring fundamental information for the determination of the
momentum transfer induced by DART.
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be visited by ESA’s Hera mission that will provide a thorough description of43

the post-impact state of the binary system (Michel et al., 2022).44

An important part of the preparation of the DART mission has been an ob-45

servational effort to determine parameters of the binary asteroid system. The46

most significant mission-critical task has been the effort to precisely deter-47

mine the orbit of the secondary around the primary. For that, we have used48

the method of photometric observations of mutual events between binary as-49

teroid system components (Pravec et al., 2006), which we have applied to50

photometric observations taken with several large– or medium–sized ground–51

based telescopes from 2015 to 2021. In this paper, we present results of this52

major observational campaign. The photometric observations are presented in53

Section 2. In Section 3, we present decompositions of the photometric data into54

the primary rotational and secondary orbital lightcurve components for indi-55

vidual epochs covered by the observations. The data for mutual events between56

the two bodies of the binary asteroid obtained from the derived secondary or-57

bital lightcurve components have been used for modeling the secondary orbit58

by Scheirich and Pravec (2022) and Naidu et al. (2022). In Section 4, we ana-59

lyze constraints provided by the secondary rotational lightcurve data (outside60

mutual events) on equatorial elongation of the secondary.61

2 Observations62

The photometric observations taken in the Dimorphos discovery apparition63

in 2003 were published in Pravec et al. (2006). We summarize them in the64

first part of Table 1. The observations were taken with small telescopes with65

diameters from 0.35 to 1.5m and, thanks to the high brightness of Didymos in66

the favorable observing conditions shortly after its close approach to Earth in67

November 2003, with visual magnitude V in the range from 12.9 to 14.9, they68

were of high quality; the median rms residual of Fourier series fits to them69

is 0.008 mag (see Section 3). As will be seen below, the 2003 data are the70

highest–quality data subset of all the five observed apparitions of Didymos71

and the second most abundant (after the last apparition of 2020–2021) in72

number of observed mutual events. In addition, these data were taken with73

Didymos at heliocentric true anomaly values from 27◦ to 53◦which were not74

covered in the 2015-2021 apparitions. Thus, the 2003 data provided a great75

baseline for accurate determination of Dimorphos’ orbit.76

Shortly after the satellite of the Didymos binary system was selected as the77

target of the DART mission, we realized the need to make many more photo-78

metric observations in order to determine its mutual orbit with high accuracy.79

As Didymos’ heliocentric orbit period is 2.109 yr, its oppositions with the Sun80

occurred at nearly 2-year intervals during 2015–2021. (The heliocentric synodic81

period of Didymos is (1−2.109−1)−1 = 1.902 yr.) Unlike in the 2003 apparition82

when Didymos was near perihelion and close to Earth and thus very bright,83

it was much more distant during the years 2015–2021; the four oppositions84

in 2015, 2017, 2019 and 2021 occurred at heliocentric true anomalies > 119◦,85

i.e., Didymos was far from the perihelion of its eccentric orbit (e = 0.384).86

It was therefore much fainter during the four follow-up apparitions than in87

2003, with V in the range from 19.0 to 21.5 on individual observing nights.88
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We therefore required medium– to large–size telescopes to obtain data of ac-89

ceptable quality for the task of detecting mutual events in the binary system90

and modeling Dimorphos’ orbit around the primary.91

The observations are summarized in Table 1. Each row in the table represents92

one nightly run with one telescope, identified with the mid-UTC date of the93

session rounded to the nearest tenth of a day in the first column. Subsequent94

columns give the telescope or station name, the telescope’s diameter, the num-95

ber of photometric data points obtained, the duration of the session, and a96

reference to where more information on the observations is available.97

As shown in Table 1, the first photometric observations since 2003 were taken98

with the 4.3-m Discovery Channel Telescope (which has since been renamed as99

the Lowell Discovery Telescope) in Arizona on two nights in April 2015. They100

gave only a limited quantity of medium-quality data with an rms residual of101

0.024mag (see the analysis in Section 3 and Table 2) and we realized that we102

would need to take many more data and use larger telescopes, or medium–size103

telescopes in excellent observing conditions, to obtain the required high-quality104

data for Didymos in following apparitions. In 2017 we used several telescopes105

with sizes from 3.5 to 10.4 m and obtained more abundant data, although their106

quality was largely similar to that of the 2015 observations. We succeeded in107

obtaining high-quality observations with a median rms residual of 0.010 mag108

in 2019, although the limited coverage only allowed the detection of 5 events109

(see Table 2). Learning from the experience of the 2015 to 2019 apparitions,110

in 2020–2021 we obtained much wider data coverage (detecting as many as 23111

events) with high quality (the median rms residual was 0.011mag).112

In the following subsections, we describe the observational and reduction tech-113

niques we used on the 11 telescopes involved in the observational campaign.114

We used some common techniques for all or most of the observations, but115

there were many differences in the observing strategies and reduction tech-116

niques used on the individual telescopes or by the individual observers, and117

we used several different photometric reduction methods and tools. By that,118

we effectively checked mutual consistency of the obtained data, eliminating or119

reducing the possibility of presence of systematics in the data that could come120

from using a single observational technique and reduction pipeline. The com-121

mon points for all the observations were: We used CCD detectors, processed122

the obtained images with standard bias subtraction and flatfield correction123

routines, and performed aperture photometry on Didymos and reference star124

images. In the subsections below, we focus primarily on the specifics of the125

individual observations and data reductions.126
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Table 1: Photometric observations of (65803) Didymos

Session mid-UT Station/Telescope Diam. (m) Points Dur. (hr) Ref.

2003-11-20.9 Ondřejov 0.65 296 4.1 P06

2003-11-22.0 Ondřejov 0.65 315 6.0 P06

2003-11-22.2 Carbuncle Hill 0.35 102 5.6 P06

2003-11-23.2 Carbuncle Hill 0.35 89 4.8 P06

2003-11-24.2 Mt. Lemmon 1.5 252 6.2 P06

2003-11-24.3 Carbuncle Hill 0.35 57 3.4 P06

2003-11-26.2 Carbuncle Hill 0.35 97 5.8 P06

2003-11-27.9 Ondřejov 0.65 146 4.2 P06

2003-11-30.0 Ondřejov 0.65 283 8.2 P06

2003-12-02.2 Carbuncle Hill 0.35 79 5.0 P06

2003-12-03.3 Palmer Divide 0.50 106 7.8 P06

2003-12-04.1 Carbuncle Hill 0.35 67 5.6 P06

2003-12-16.9 Ondřejov 0.65 15 0.8 P06

2003-12-17.3 Palmer Divide 0.50 146 9.2 P06

2003-12-18.9 Ondřejov 0.65 95 10.0 P06

2003-12-19.3 Palmer Divide 0.50 75 7.7 P06

2003-12-20.3 Palmer Divide 0.50 127 7.1 P06

2015-04-13.3 DCT 4.3 75 5.7 Sect. 2.1

2015-04-14.4 DCT 4.3 45 1.7 Sect. 2.1

2017-02-23.3 VLT 8.2 17 0.7 Sect. 2.2

2017-02-24.4 VLT 8.2 15 0.6 Sect. 2.2

2017-02-25.1 GTC 10.4 75 5.5 Sect. 2.3

2017-02-25.4 VLT 8.2 17 0.7 Sect. 2.2

2017-02-25.5 MMT 6.5 137 4.2 Sect. 2.4

2017-02-27.3 VLT 8.2 31 1.5 Sect. 2.2

2017-03-01.3 VLT 8.2 12 0.6 Sect. 2.2

2017-03-31.1 WHT 4.2 100 8.9 Sect. 2.5

2017-04-01.3 VLT 8.2 27 1.6 Sect. 2.2

2017-04-02.3 VLT 8.2 17 0.7 Sect. 2.2

2017-04-18.2 DCT 4.3 66 5.2 Sect. 2.1

2017-04-27.1 NTT 3.5 108 6.9 Sect. 2.6

2017-05-04.3 Gemini N 8.1 59 3.8 Sect. 2.7
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Session mid-UT Station/Telescope Diam. (m) Points Dur. (hr) Ref.

2019-01-31.4 DCT 4.3 98 5.6 Sect. 2.1

2019-02-02.2 Magellan 6.5 21 1.3 Sect. 2.8

2019-03-09.1 GTC 10.4 166 6.5 Sect. 2.3

2019-03-10.2 GTC 10.4 65 3.2 Sect. 2.3

2019-03-11.1 GTC 10.4 143 6.6 Sect. 2.3

2020-12-12.6 Gemini N 8.1 89 4.1 Sect. 2.7

2020-12-17.4 LDT 4.3 95 5.3 Sect. 2.1

2020-12-20.5 LDT 4.3 31 2.2 Sect. 2.1

2020-12-23.4 LDT 4.3 118 5.8 Sect. 2.1

2021-01-08.5 LDT 4.3 93 4.8 Sect. 2.1

2021-01-09.4 LDT 4.3 118 6.0 Sect. 2.1

2021-01-10.4 LDT 4.3 78 4.8 Sect. 2.1

2021-01-12.6 Gemini N 8.1 107 4.5 Sect. 2.7

2021-01-14.4 LDT 4.3 107 5.9 Sect. 2.1

2021-01-14.6 Keck 10.0 69 4.4 Sect. 2.9

2021-01-17.5 Gemini N 8.1 142 5.5 Sect. 2.7

2021-01-18.4 LBT 8.4 150 3.0 Sect. 2.10

2021-01-20.2 TNG 3.6 296 6.5 Sect. 2.11

2021-02-17.4 LDT 4.3 121 9.4 Sect. 2.1

2021-03-06.3 LDT 4.3 149 8.2 Sect. 2.1

Note: P06 is Pravec et al. (2006).

2.1 Lowell Discovery Telescope (Discovery Channel Telescope)127

The 4.3-m Lowell Discovery Telescope (LDT, known prior to February 2020 as128

the Discovery Channel Telescope, DCT) is located near Happy Jack, Arizona129

at an elevation of 2360m. Images of Didymos were obtained from LDT in every130

apparition from 2015 to 2021 (Table 1). In all cases, the Large Monolithic Im-131

ager (LMI), which is equipped with a 6k× 6k e2vCCD, was used with a broad-132

band VR filter (covering the wavelengths between about 500 and 700 nm) to133

maximize signal-to-noise ratio. LMI images a 12.3-arcmin square field-of-view134

that is sampled at an image scale of 0.12 arcsec/pixel. All images were obtained135

in 3×3 binning mode resulting in an effective image scale of 0.36 arcsec/pixel.136

For all nights except for 2021-03-06, the telescope was tracked at sidereal rates,137

allowing the asteroid to move through a fixed star field. On 2021-03-06 the138

telescope was tracked at one half the non-sidereal rates so that both stars139

and asteroid were trailed by the same amount (roughly 1 arcsec). Exposure140

times ranged from 120 to 180 seconds, chosen to minimize trailing based on141

the non-sidereal motion of the asteroid and local seeing conditions. Across all142
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apparitions, any images affected by background contamination and/or heavy143

extinction were removed from further analysis.144

The data from 2015-04-14 and 2017-04-18 were analyzed using the standard145

data reduction described in Thirouin and Sheppard (2018). To summarize146

our approach; we selected an optimal aperture using the growth curve tech-147

nique (Stetson, 1990) to limit background contamination while including all148

of the object’s flux. Aperture photometry with the optimal aperture radius149

was performed with the DAOPHOT routines (Stetson, 1987). The data from150

2015-04-13 were reduced at Ondřejov Observatory using an analogous opti-151

mal aperture-photometry method using their Aphot software package (Pravec152

et al., 2006).153

The measurement of photometry from the 2019 and 2020–2021 apparitions154

involved processing images with the PhotometryPipeline (Mommert, 2017).155

This pipeline registers images using Scamp (Bertin, 2006) with the Gaia DR2156

reference catalog (Gaia Collaboration, 2018). Point source photometry is mea-157

sured using SourceExtractor (Bertin and Arnouts, 1996). Calibration of the158

photometry involved converting instrumental to calibrated magnitudes based159

on field stars with solar-like colors (within 0.2 magnitudes of the Sun’s SDSS160

(g− r) and (r− i) color indices) in the PanSTARRS DR1 catalog (Flewelling161

et al., 2020). The photometry was calibrated to the PanSTARRS r-band. In162

general, about 10 field stars were used to calibrate each frame. An optimized163

aperture was chosen for each night of observing that minimized errors associ-164

ated with the zero point calibration (i.e., tying to the reference catalog) and165

the measured instrumental magnitudes. These apertures ranged from 3.26 to166

6.63 pixels (1.17 to 2.39 arcsec) in radius. Though not critical for the differen-167

tial analysis performed here (Section 3), this resulted in absolute photometric168

calibration with errors about 0.02 mag.169

In total the LDT data provided lightcurves from 13 different nights and sam-170

pled part of or the entirety of 16 individual mutual events. Lightcurve quality171

from LDT was good on most nights, with the median rms residual relative to172

best fits of the primary lightcurve of 0.011 mag (see Section 3). The apparent173

V magnitude of Didymos during these LDT observations ranged from a min-174

imum of about 19.0 in February 2021 to a maximum of about 21.0 in April175

2017.176

2.2 Very Large Telescope177

Observations in 2017 were taken at Unit Telescope 3 (Melipal; UT3) of the Eu-178

ropean Southern Observatory (ESO) 8-m Very Large Telescope (VLT) using179

the VIMOS instrument (Le Fèvre et al., 2003). This instrument is primarily180

a multi-object spectrograph, but also has an imaging mode with an array of181

four CCDs, each with a 7×8 arcmin2 field of view and 0.21 arcsec/pixel scale,182

and standard UBVRI filters. Didymos was observed in service mode in a pro-183

gramme designed to take advantage of time with relatively poor conditions184

(for Paranal), when the other instruments on UT3, requiring exceptional see-185

ing, could not be used. Observations were scheduled as independent hour-long186

blocks, each made up of 17 × 120 s R-band exposures, tracking the asteroid187

at its non-sidereal rate. The telescope was offset to have the asteroid appear188
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approximately in the centre of one of the four CCDs. 13 blocks were taken189

between 2017-01-14 and 2017-04-03. The seeing (measured by the Paranal site190

DIMM) varied between 0.36 arcsec and 3.2 arcsec, with a median of 1.2 arcsec,191

during the exposures. Useful data were obtained on 7 separate nights, on two192

of which two observing blocks were executed sequentially to have around 1.5 h193

of continuous exposures (see Table 1). Aperture photometry was performed194

using IRAF, using apertures with a radius of 1.5 times the frame FWHM, and195

calibrated using field stars from the Pan-STARRS PS1 catalogue (hereafter196

PS1; Chambers et al., 2016), after first converting catalogue magnitudes to197

UBVRI. Frames where the asteroid was close to any background source were198

manually removed from the final lightcurve.199

2019 VLT data were taken with FORS on UT1 (Antu), which has a square field200

of view 6.8 arcmin on each side, across two CCDs, and a (2× 2 binned) pixel201

scale of 0.25 arcsec/pixel (Appenzeller et al., 1998). These observations were202

performed in visitor mode over the nights of 2019-04-05 and 06, with excellent203

conditions. A total of 511 exposures were taken over the two nights, the major-204

ity with a 50 s exposure time, in the FORS R SPECIAL filter, which is close205

to the standard Bessell R in wavelength range, but with higher peak trans-206

mission and sharper cut-offs, particularly at the red end. Basic data reduction207

was performed using PyRAF tasks, and photometry was calibrated via field208

stars appearing in the PS1 catalogue, following the techniques described by209

Kokotanekova et al. (2017). Unfortunately, the presence of reflections from a210

nearby bright star influenced the photometry and prevented us from achieving211

the necessary accuracy to separate the primary lightcurve and mutual events,212

so this data set is not included in the rest of the analysis.213

2.3 Gran Telescopio Canarias214

Observations with the Gran Telescopio Canarias (GTC) were done in Febru-215

ary 2017 and in March 2019 when the asteroid had apparent visual magnitude216

V = 21.0 and 19.9, respectively. GTC is located at the Roque de Los Mucha-217

chos Observatory in La Palma, Canary Islands (Spain), and managed by the218

Instituto de Astrof́ısica de Canarias. Images of Didymos were acquired using219

the Optical System for Imaging and Low Resolution Integrated Spectroscopy220

(OSIRIS) camera spectrograph (Cepa et al., 2000; Cepa, 2010). It consists of a221

mosaic of two Marconi CCD detectors, each with 2048×4096 pixels and a total222

field of view of 7.8× 7.8 arcmin2, providing a plate scale of 0.127 arcsec/pix.223

To increase the signal-to-noise ratio (S/N) we used 2×2 binning and the stan-224

dard operation mode with a readout speed of 200 kHz (gain 0.95 e−/ADU,225

readout noise 4.5 e−).226

In 2017 we observed Didymos on 2017-02-25 from 00:26 to 06:00 UT. A series227

of images of 180 s exposure time were obtained using the Sloan r’ filter with228

the telescope tracking on the asteroid. The observations were run during dark229

time, with clear skies and at elevations > 30◦ and a seeing that varied from230

0.9 to 1.4 arcsec. In the 2019 apparition observations were carried out on three231

consecutive nights 2019-03-09, 10 and 11. Observational strategy consisted of232

identifying the asteroid in the field and placing it in one of the extremes of the233

CCD, so images were acquired sequentially and with sidereal tracking while234

the asteroid was crossing the detector. (Didymos had a differential rate of235
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about 1 arcmin/h and thus the same field was imaged for the entire nightly236

run.) Sloan r’ filter was used and exposure time was fixed to 90 s. The average237

seeing varied between 1 and 2.5 arcsec, depending on the object airmass and238

atmosphere variation. The asteroid was observed during dark time and with239

clear skies. On average, the object was observed when it had a local eleva-240

tion > 35◦, i.e., from ∼ 22:20 UT to ∼ 05:10 UT, with the exception of the241

second night 2019-03-10 when a high speed wind prevented observations until242

02:10 UT.243

The data reduction was performed using Image Reduction and Analysis Facil-244

ity (IRAF v2.16) processing packages (Tody 1986, 1993). APPHOT was used245

to perform the photometry. The APPHOT is a part of the NOAO.DIGIPHOT246

package and it includes tools to locate and compute the center of the sources,247

to fit the sky and to perform aperture photometry. Photometry of the 2017248

data was performed with a fixed photometric aperture of radius 2.7 arcsec,249

with relative calibration between frames calculated using a set of between 9250

and 24 field stars (depending on how many of a selected subset of bright and251

well isolated nearby stars were visible in each frame, as the telescope tracked252

the asteroid). For the 2019 observations where the field did not change during253

each nightly run, the following steps were performed for each night’s data.254

First, the asteroid was identified in the first and the last image. These two255

points were fitted with a straight line and an approximate position of Didy-256

mos was calculated with the interpolation on each individual image. Second,257

PHOT task was applied to each image for retrieving the corresponding mag-258

nitude. Three apertures with a 7, 8 and 9 pixel radius were used. The same259

procedure was applied for 9 reference stars in the field, which were selected260

to have brightness similar to the asteroid. To compute the differential magni-261

tudes of the asteroid, the reference stars were monitored against their median262

to remove possible variable ones (this procedure was repeated several times).263

The final differential magnitude was computed as the difference between the264

median of the best reference stars and the asteroid magnitude. The reported265

differential magnitudes represent the median values of the magnitudes com-266

puted using all three apertures. All the data points were carefully checked and267

those affected by background sources were removed (they were about 5% of all268

points). The photometric errors were estimated by considering the dispersion269

of points acquired within short time intervals (3 to 5 min). The median values270

of these are 0.008, 0.009 and 0.011 mag for the 2019-03-09, 10 and 11 runs,271

respectively.272

2.4 Multiple Mirror Telescope273

We obtained observations using the Multiple Mirror Telescope (MMT) Obser-274

vatory 6.5m on Mt. Hopkins south of Tucson, AZ on 2017-02-25, 2017-03-06275

and 2019-03-02. Only the data from 2017-02-25 was of sufficient quality for use,276

and is described here. The seeing was excellent on that night, which turned out277

to be critical. We obtained 144 images of 100 s each using the MMTCAM and278

an SDSS r filter. The detector is a 2048× 2048 pixels back illuminated CCD279

with a field of view of 2.7 × 2.7 arcmin. The images were 1024 × 1024 pixels280

having been binned on the chip 2 × 2. The resulting resolution was 0.16 arc-281

sec/pixel. The telescope was tracking the asteroid but very little trailing was282

apparent for the star images. The field was dithered by about 20 arcseconds283
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in RA and Dec about every 30 minutes, and rotated by 90◦ half-way through284

the night. Sufficient field stars were available and could be linked through the285

night. The sky flats were determined to not be sufficient, so a median flat286

was constructed from the images. We used the standard aperture photometry287

routines in IRAF with an aperture of 6 pixel radius. The sky annulus had an288

inner radius of 12 pixels and was 6 pixels wide, and outliers were removed289

using a 3-σ clipping algorithm. The sky value was computed as the cen-290

troid of the distribution after bad pixels were removed. (We note291

that the sky value computation converged quickly and it appeared292

adequate for these data. The chip is very uniform and only removal293

of cosmic rays from the sky pixel distribution was needed to obtain294

good relative photometry.) We determined relative magnitudes with the295

normalized average of the best two field stars at any given time. The chosen296

stars were at or slightly brighter than Didymos (V = 19.3 to 21.5). The formal297

uncertainties range from 0.024 to 0.045 mag and we adopt a standard devi-298

ation of 0.032 mag for the instrumental magnitudes. This is the unweighted299

standard deviation of all the measurements.300

2.5 William Herschel Telescope301

Observations were obtained on the night of 2017-03-31 using the ACAM im-302

ager on the 4.2-m William Herschel Telescope (WHT). ACAM is mounted at303

the Cassegrain focus and has a circular field of view of diameter 8.3 arcmin304

with pixel scale 0.25 arcsec/pixel. Lightcurves were obtained in the Sloan r305

filter, with occasional frames taken with the Sloan g filter to ascertain colors306

of Didymos and comparison stars. The exposure time was 180 seconds for all307

frames. The telescope tracking was set at half the asteroid rate of motion in308

an attempt to produce equivalent PSFs for Didymos and comparison stars.309

Image processing and calibration was performed using AstroImageJ (Collins310

et al., 2017).311

The night was non-photometric with variable cirrus. Variations in transmission312

were typically in the range 0 to 0.3 mag but occasionally exceeding 1 magni-313

tude for a period of several frames. Seeing varied during the night from ∼ 0.8314

to ∼ 1.3 arcsec. With half tracking rate the stellar and asteroid images gave315

fairly constant equivalent FWHM of ∼ 6 pixels (1.5 arcsec). However, sev-316

eral frames were trailed due to lost autoguider signal, and it became apparent317

that the actual tracking was not accurate enough to ensure consistent PSFs318

between stars and asteroid, precluding use of small aperture radii for pho-319

tometry. Multi-aperture tests indicated an optimal choice of 10 pixel radius320

(2.5 arcsec).321

A test for differential extinction using relative colors of field stars showed322

no detectable effect, so all unsaturated field stars at least two magnitudes323

brighter than Didymos that were within the field for at least half the night324

were used for calibration. None of the 12 suitable stars showed relative vari-325

ability. For any given frame typically 7 to 9 stars were observed and used326

to construct a synthetic comparison star. Resultant uncertainties in the syn-327

thetic star instrumental magnitudes were generally ∼ 0.001 mag and always328

less than 0.003 mag. Overall uncertainties are dominated by Didymos photon329

noise and background subtraction.330
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Images were removed from the sequence for a variety of reasons: close proxim-331

ity to background stars; trailed images; cosmic ray superimposed on asteroid332

image; cloud extinction causing uncertainties greater than 0.045 magnitude. Of333

the 166 r frames obtained, 100 were used in the lightcurve analysis (Section 3).334

Using PS1 catalogue magnitudes for the field stars, we determined color terms335

for the ACAM system, and derived a Didymos colour of (g−r)PS1 = 0.52±0.04336

and a mean magnitude of rPS1 = 18.23±0.01. Using transformation coefficients337

from Tonry et al. (2012) we derive a mean Johnson V magnitude of 18.48±0.02.338

2.6 New Technology Telescope339

Observations with the 3.6-m ESO New Technology Telescope (NTT) were340

performed using the EFOSC2 instrument (Buzzoni et al., 1984), which pro-341

vides a 4.1 arcmin field of view and 0.24 arcsec pixels in 2× 2 binned readout342

(Snodgrass et al., 2008). Two runs were performed in April 2017, both in vis-343

itor mode: 79 exposures were taken on the night of 2017-04-02, with 300 s344

exposure times. Conditions were good, but unfortunately Didymos was near a345

faint star during the mutual event that night and the data are not used in the346

rest of the analysis. 162 exposures were taken over three consecutive nights347

from the 24th of April, with the useful data being the 108 frames acquired on348

the last night of 2017-04-27, with seeing around 0.7 arcsec FWHM (conditions349

on the first two nights were poor, and limited data were collected). Images350

were taken through an SDSS r-band filter, with exposure times of 180 s, and351

the telescope tracking at half the asteroid’s non-sidereal rate. Data reduction352

and photometry were performed using IRAF tasks; photometry was calibrated353

against field stars from the PS1 catalogue.354

2.7 Gemini North Telescope355

Observations of Didymos were obtained with the 8.1-m Gemini North Tele-356

scope in Hawai’i using the Gemini Multi-Object Spectrograph (GMOS; Hook357

et al., 2004) in imaging mode on the nights of 2017-05-04, 2020-12-12, 2021-358

01-12, and 2021-01-17. In all cases, the Sloan i′ filter was used to maximize359

throughput given the redder than solar color (V − I) = 0.82 of Didymos (Ki-360

tazato et al. 2004). GMOS has a 5.5 arcmin square field-of-view, and with361

2× 2 binning, a pixel scale of 0.16 arcsec/pixel.362

For the night of 2017-05-04, the telescope was tracked at Didymos rates of mo-363

tion and exposure times of 200 s were used. The night was photometric and the364

seeing varied between ∼ 0.5 arcsec and ∼ 0.7 arcsec. The data was reduced us-365

ing standard methods with the Gemini IRAF package. 2 Differential aperture366

photometry was performed with AstroPy 2.0.2 (Astropy Collaboration et al.,367

2018) and its Affiliated package PhotUtils 0.4 (Bradley et al., 2017). Elliptical368

apertures were used for the 9 trailed SDSS reference stars. Tests with multi-369

ple apertures indicated optimal S/N with an aperture of radius 1.5 FWHM of370

the PSF. The final lightcurve was an average of the differential photometry371

calculated with the two closest (and most stable) reference stars. A median372

2 https://ui.adsabs.harvard.edu/abs/2016ascl.soft08006G
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lightcurve using all 9 reference stars was noisier due to the fact that most of373

them were also fainter than the two closest reference stars.374

On each of the nights 2020-12-12, 2021-01-12 and 2021-01-17 a sequence of375

observations was executed for a duration of 4.1 h, 4.5 h and 6.1 h, respectively,376

corresponding to 141, 183 and 240 images in turn. (Observations taken on377

2020-12-10 were not usable due to a pointing error.) The final numbers of378

usable data points were 89, 107 and 142, respectively; a significant fraction379

of data points has been removed during the reduction process as they were380

affected by less ideal sky conditions, intereferences with background sources381

or other observational issues. Exposure times of 70 s were used in December382

and 50 s in January, as the object brightened from V = 20.0 to 19.5. The383

telescope tracking was set to sidereal, while the telescope was repositioned384

every hour to keep the target centered on the CCD chip. The sky brightness385

was 50-percentile, while the weather constraints were 70-percentile cloud cover386

and 85-percentile image quality. 3387

We carried out four independent methods of data reduction and analysis for388

the 2020 December and 2021 January observations. We determined the ap-389

proach which started by making use of Theli3 4 (Schirmer, 2013) provided390

the best results. We began by visually inspecting portable network graphics391

(PNG) format images enhanced following the method described in Chandler392

et al. (2018). We noted significant guide probe interference on night 2020-393

12-12 and identified potential photometric contaminants (e.g., cosmic rays,394

background source blending) in 149 of the 564 images of Didymos. Mak-395

ing use of the Theli3 software package we executed a series of data reduc-396

tion steps, including overscan correction, bias subtraction, flattening of fields,397

background correction, and collapse correction. We conducted astrometry and398

embedded updated World Coordinate System (WCS) with Theli3 and/or As-399

trometryNet (Lang et al., 2010) or PhotometryPipeline (Mommert, 2017).400

Both Theli3 and PhotometryPipeline query the Vizier catalog service (Ochsen-401

bein et al., 2000). The catalogs we queried were the Sloan Digital Sky Survey402

Data Release 9 (SDSS DR-9, Ahn et al., 2012), Gaia Data Release 2 (Gaia403

Collaboration et al., 2018) and Gaia Early Data Release 3 (Gaia Collabo-404

ration et al., 2021). Following Chandler et al. (2018) we extracted thumb-405

nail images of Didymos to check for any additional image artifacts and con-406

firm WCS validity. The final version of photometry we produced made use407

of PhotometryPipeline. We note that while it would be ideal to limit pho-408

tometric calibration to field stars with similar colors to those of Didymos409

(U − B = 0.211 ± 0.032, B − V = 0.795 ± 0.016, V − R = 0.458 ± 0.009 and410

V − I = 0.820± 0.009, Kitazato et al., 2004) there were insufficient field stars411

available. We selected the PS1 photometry (Tonry et al., 2012) because of the412

availability of calibration stars. We manually checked photometry with Aper-413

ture Photometry Tool (Laher et al., 2012) on a case-by-case basis. We also414

used the catalog tool within DS9 to check reference star photometry.415

3 See http://www.gemini.edu/observing/telescopes-and-sites/sites for explanation
of the use of percentiles for the Gemini weather conditions.
4 https://github.com/schirmermischa/THELI
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2.8 Magellan Telescope416

Observations were obtained with the Baade-Magellan 6.5-m telescope at Las417

Campanas in Chile on 2019-02-02. This was a follow up to the observations418

with DCT on 2019-01-31; we needed to complete the coverage of Didymos’ pri-419

mary lightcurve with the additional observations to obtain a robust lightcurve420

decomposition on this epoch. We used the WB4800-7800 very broad band VR421

filter that covers the wavelengths between 480 and 780 nm to maximize the422

signal-to-noise ratio of Didymos. Didymos was imaged over about 80 minutes423

using 120 seconds images in photometric conditions with 0.85 arcsec seeing424

using the IMACS imager, which has a pixel scale of 0.2 arcsec. The pho-425

tometry extraction was performed using the PhotometryPipeline described in426

Section 2.1. Photometry was calibrated to the PS1 catalog in the r-band using427

stars near Didymos in the science images.428

2.9 Keck Telescope429

Observations were made with the Low Resolution Imaging Spectrometer (LRIS)430

instrument in its imaging mode using the Atmospheric Dispersion Corrector431

(ADC) at Keck 1 on 2021-01-14 from 11:20 to 16:09 UT. LRIS includes both a432

“blue” and “red” side, with simultaneous images obtained on both sides with433

different filters. Here we present only red-side data analysis, blue-side images434

are not included in this work. The LRIS R filter has an effective wavelength435

of 642 nm and a full-width half-maximum (FWHM) of 119 nm 5 . The R-filter436

images of Didymos were obtained with 120-second exposure times. Sidereal437

tracking was used, with the asteroid allowed to move across the field of view.438

The red side of LRIS has a plate scale of 0.123 arcsec/pix. Data reduction439

was done using the standard techniques provided in IRAF (Tody, 1986), with440

extraction of magnitudes using the aperture photometry apphot routines.441

Four unsaturated stars in the field with Didymos with a range of brightnesses442

were identified in the Sloan Digital Sky Survey (SDSS; Blanton et al. 2017,443

Ahumada et al. 2020) and used as on-chip standards. On-chip standard stars444

were selected via the SDSS online Skyserver query database, which included445

data up through SDSS Data Release 16 (Ahumada et al. 2020). Data Re-446

lease 16 is part of SDSS-IV (Blanton et al. 2017). Three of the stars were used447

to calculate Didymos’ magnitude, the fourth (which was of brightness similar448

to Didymos’) was used as a comparison and control. No filter transformation449

was calculated between the published SDSS magnitude and the Keck R filter450

magnitude. The average magnitude uncertainty for Didymos and the control451

star on an image was typically < 0.01 mag.452

While 94 images were obtained, several of the later images were compromised453

by twilight and were rejected. In addition, close passes to stars by Didymos as454

it moved in the sky and occasional unluckily-placed cosmic ray strikes compro-455

mised some measurements. A total of 69 images remained for inclusion in the456

lightcurve, covering the period of 11:20–15:43 UT. Apertures with diameters457

of 12 pixels (roughly 1.5 arcsec) were used in extraction.458

5 https://www2.keck.hawaii.edu/inst/lris/filters.html
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2.10 Large Binocular Telescope459

We obtained observations using the Large Binocular Telescope (LBT) on 2021-460

01-18 and the MODS1 and MODS2 cameras each with a v and r filter, with a461

plate scale of 0.12 arcsec/pixel. MODS1 and MODS2 are Multi-Object Double462

CCD Spectrographs/Imagers. The field of view is 6 × 6 arcmin, and consists463

of an 3k× 3k image. We used these images without binning. The images from464

MODS2 were better, so the v and the r filter images were shifted and combined465

into a single data set. We obtained 150 images of 60 s exposures between 08:00466

and 10:58 UT. The telescope was tracking the asteroid, and slight trailing was467

apparent in the stars. The detector is made up of several chips with offset468

background levels and 1–2 bad columns at the edges. The asteroid was kept469

away from the edges, but the comparison stars did move from one region to470

another. We used the best 3 comparison stars to obtain the differential magni-471

tudes and linked frames where the comparison stars changed. The comparison472

stars were at or somewhat brighter than Didymos (V = 16.8 to 19.3). We473

used the standard aperture photometry routines in IRAF with an aperture of474

10 pixel radius. The sky annulus used was at a radius of 13 pixels and was475

6 pixels wide, and outliers were removed using a 3-σ clipping algorithm. The476

formal uncertainties are 0.004 to 0.007 mag and the estimated repeatability477

of the data is 0.009 mag. We measured the rms value of the comparison star478

data over short enough time intervals that the signal was constant in order to479

determine the repeatability level.480

2.11 Telescopio Nazionale Galileo481

Telescopio Nazionale Galileo (TNG) is operated on the island of La Palma482

by the Centro Galileo Galilei of the INAF (Istituto Nazionale di Astrofisica)483

at the Spanish Observatorio del Roque de los Muchachos of the Instituto484

de Astrof́ısica de Canarias. TNG images of Didymos were obtained on 2021-485

01-20 with the Device Optimised for the LOw RESolution (DOLORES) in-486

strument. The detector is a 2048× 2048 E2V 4240 thinned back-illuminated,487

deep-depleted, Astro-BB coated CCD with a pixel size of 13.5µm. The scale is488

0.252 arcsec/pixel. The instrument was equipped with the broadband R filter489

of the Johnson-Cousins system. 6 Didymos was observed with the telescope490

tracked at half its apparent (non-sidereal) motion. More than 300 images were491

acquired consecutively, starting at 2021-01-20 00:15:30 UTC, with single ex-492

posure time of 60 seconds for most of the images and with 2× 2 binning.493

Standard dome and sky flats did not prove themselves effective in correcting494

the field illumination. For this reason, a “super-flat” was made by averag-495

ing the scientific images, after masking the sources with the MAKEMASK IRAF496

package, obtaining a flat field correction better than the 1% level. On each497

image, a preliminary WCS solution was obtained by means of the astroquery498

python module 7 from the web service Astrometry.net 8 that provided a ro-499

bust blind WCS solution. Then, optimal aperture photometry was performed500

with the MAG AUTO routine of SExtractor (Bertin and Arnouts, 1996), on the501

6 http://www.tng.iac.es/instruments/filters/
7 https://astroquery.readthedocs.io/en/latest/astrometry net/astrometry net.html
8 https://astrometry.net/
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whole field covered by each image. The final WCS solution was obtained with502

Scamp (Bertin, 2006), comparing the preliminary WCS positions of the stars503

in the field with the Gaia eDR3 catalogue, and Didymos was recognized in the504

field by querying the JPL catalogue with the jplhorizons python module, 9505

cross-matching the measured Didymos positions on each image with the JPL506

ephemerides, by means of the Stilts code (Taylor, 2006).507

To build Didymos’ lightcurve, a set of 25 bright (non-saturated) reference508

stars was chosen on a reference image, collected in the middle of the run,509

with a typical photometric uncertainty better than 0.02 mag. The maximum510

relative offset of the other images, because of the motion of Didymos, was511

on the order of ±100 pixels in both axes. The positions of the reference512

stars were cross-matched between the reference and the other images with513

the DAOMATCH/DAOMASTER code (Stetson, 1993), resulting in a minimum over-514

lap of 14 stars in the worst case. DAOMATCH/DAOMASTER also computes the515

photometric offset between the reference and the other images, with a robust516

weighted mean that discards the outliers and delivers a catalogue where all the517

measurements are photometrically aligned to the catalogue of the reference im-518

age. Computed offsets were added to the Didymos individual measurements,519

obtaining a homogeneous lightcurve in the reference image system. After dis-520

carding several outliers (due to a contamination of the Didymos image by521

nearby sources, hot pixels, or other effects) we ended up with 296 data points.522

The robustness of our procedure was tested by choosing a few isolated stars523

in the field, of brightness similar to Didymos and not among the reference524

stars, obtaining for each of them a flat lightcurve within the uncertainties.525

The median of photometric errors of the individual data points calculated by526

SExtractor was 0.011 mag, but real errors were greater (see Section 3) as the527

noise model in SExtractor does not account for all noise sources. 10 Finally,528

the absolute calibration was obtained by selecting, among the 25 reference529

stars, 11 stars with good Sloan SDSS 8 g’, r’ measurements, and then trans-530

formed to Johnson R magnitudes by means of the transformations published531

in Lupton et al. (2005). 11 We estimate the uncertainty of the calibration to be532

0.019mag.533

9 https://astroquery.readthedocs.io/en/latest/jplhorizons/jplhorizons.html
10 https://sextractor.readthedocs.io/en/latest/Photom.html
11 See also https://www.sdss.org/dr12/algorithms/sdssubvritransform/
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3 Lightcurve decompositions534

The lightcurve of a binary asteroid consists of generally three components:535

the primary rotation lightcurve, the secondary rotation lightcurve, and the536

mutual event (orbital) lightcurve. The primary rotation lightcurve is always537

apparent (with observations of sufficient accuracy), while the secondary rota-538

tion lightcurve may or may not be resolved depending on the secondary-to-539

primary size ratio, elongation of the secondary, and accuracy of the photo-540

metric observations. When the binary asteroid is in a mutual occultation or541

eclipse geometry, i.e., when Earth or Sun, respectively, is close to the mutual542

orbit plane of the two bodies, then there are superimposed brightness attenu-543

ations due to the occultations or eclipses (collectively called ‘mutual events’)544

that occur between the two bodies as they orbit one another. For analysis545

and modeling of the photometric data of a binary asteroid, we decompose its546

lightcurve using the method of Pravec et al. (2006), which we briefly outline547

in the following.548

The binary asteroid lightcurve outside mutual events, consisting of the two549

rotational lightcurves, can be represented as a linear addition of two Fourier550

series551

F (t) = F1(t) + F2(t), (1)552

F1(t) = C1 +
m1
∑

k=1

[

C1k cos
2πk

P1

(t− t0) + S1k sin
2πk

P1

(t− t0)

]

, (2)553

F2(t) = C2 +
m2
∑

k=1

[

C2k cos
2πk

P2

(t− t0) + S2k sin
2πk

P2

(t− t0)

]

, (3)554

where F (t) is the total light flux at time t, Fj(t) are the light fluxes of the555

components at time t, Cj are the mean light fluxes of the components, Cjk and556

Sjk are the Fourier coefficients, Pj are the rotation lightcurve periods, t0 is the557

zero-point time, and mj are the maximum significant orders (see also Pravec558

et al., 2000, and references therein). (We designate quantities belonging to559

the primary and secondary with the indices ‘1’ and ‘2’, respectively.) The two560

constant terms add to C0 = C1 + C2 which is fitted in analysis. We note that561

the two rotational lightcurves can be taken as additive in the combined binary562

asteroid lightcurve if the effect of mutual illumination between the two bodies563

is negligible. We further note that using the representations of Eqs. 2 and 3, we564

assume principal axis rotation for each component; non-principal axis rotation565

would produce a complex lightcurve. (The lightcurve of an asteroid in the state566

of free precession can be represented with a 2-period Fourier series (see Pravec567

et al., 2005), but it might not be a good representation for a more complex568

or chaotic rotation of the component of an unrelaxed binary asteroid system.)569

The maximum significant orders mj of the fitted Fourier series are determined570

from the significance F-test (see, e.g., Magnusson et al. 1995). We note that the571

decomposition of a binary asteroid lightcurve into the primary and secondary572

lightcurves with Eqs. 2 and 3 is a well-constrained problem and a unique573

solution is obtained with photometric data of sufficient amount and quality574

unless the periods P1 and P2 are close one to each other or commensurate575

(which is not the case of Didymos).576
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Using the representation for binary asteroid rotational lightcurves above im-577

plicitly assumes that the two rotational lightcurves are constant, i.e., nei-578

ther the Fourier coefficients nor the rotation lightcurve periods change with579

time. (The lightcurve data must be also reduced to unit geo- and heliocentric580

distances and to a consistent solar phase, e.g., using the H–G phase rela-581

tion, to correct for the flux changing inversely proportional with the square582

of the distances and with the phase function. The times were reduced for583

light-travel time, i.e., we work in the asterocentric frame.) In reality, the ro-584

tational lightcurves are not constant as the Earth-Asteroid-Sun viewing and585

illumination geometry changes with time and the synodic rotational lightcurve586

periods are not constant due to the varying apparent angular rate of the as-587

teroid. (The synodic-sidereal rotation period difference can be approximated588

using the Phase-Angle-Bisector formalism, see, e.g., Pravec et al., 1996.) How-589

ever, the rotational lightcurve shape and period changes are usually small over590

short time intervals and so their representation with Eqs. 2 and 3 can be used591

if we combine lightcurve data taken on nearby nights.592

As will be shown below, observable changes of the Didymos primary rota-593

tional lightcurve occurred on timescales from a couple of days to a couple594

of weeks (depending on specific Earth-Asteroid-Sun geometry at individual595

epochs). The lightcurve data taken over longer time intervals therefore had to596

be analysed and decomposed separately.597

Changes of the synodic primary rotation period due to the changing apparent598

angular rate of Didymos were generally small, on an order of a few 0.0001 hr.599

They were entirely negligible over the short time intervals (which were not600

longer than a couple weeks) of the individual Didymos lightcurve decomposi-601

tions presented below, and they were also small over the course of the individ-602

ual apparitions (though the estimated mean synodic periods differed slightly603

between the individual apparitions).604

In fitting the rotational lightcurve data with the Fourier series, observations605

taken outside mutual events are used. Data points covering mutual events are606

therefore masked at this stage. As the beginning and the end of a mutual607

event are generally sharp lightcurve features, the data points taken in mutual608

events can usually be easily identified and they are masked iteratively while609

refining the Fourier series fit in a few steps. (While the rotational lightcurves610

are generally smooth and therefore can be represented with the Fourier series611

cut at relatively low orders, the brightness attenuations caused by mutual612

events begin and end abruptly as the two bodies start and finish transiting one613

another with respect to Earth or Sun.) When we are uncertain if a particular614

data point near the beginning or the end of a mutual event is in or outside the615

event, it is usually better to be conservative and mask it as well; we typically616

get enough data points outside events to define the rotational lightcurves even617

in the case where we mask out a few more points near the beginning or the618

end of an event.619

When combining photometric data taken with different telescopes or on dif-620

ferent nights, which was the case for most of the Didymos data (see below),621

we took the data sets obtained from different telescopes or nights as being on622

relative magnitude scales one to each other. Though some of the data were ab-623

solutely calibrated in specific photometric systems with uncertainties of about624

0.02 mag, that was generally not accurate enough for our purpose and we took625
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the zero points of the magnitude scales of the individual observing runs as free626

parameters in the Fourier series fits.627

Finally, we note that the observations of Didymos taken with different tele-628

scopes or by different teams were made in a few different filters (though629

most of the detector+filter combinations had a peak response at red wave-630

lengths). Combination of lightcurve data taken in different filters (at visible631

wavelengths) is not considered to be a problem for the lightcurve analysis,632

as asteroids do not show large scale color non-uniformities, so the lightcurves633

measured in different filters are expected to look the same. Nevertheless, in634

the lightcurve decompositions presented below we paid attention to possible635

systematic differences between data from different telescopes that might be636

attributable to a large scale color difference, but we did not find any.637

Table 2: Didymos lightcurve decompositions

Sessions Points Events Rms res. α ν Plot

(mag) (◦) (◦)

2003-11-20.9 to 2003-11-24.3 1111 5 0.008 15.4 27.0 P06 (Fig. 1)

2003-11-26.2 to 2003-12-04.1 778 8 0.008 4.8 34.9 P06 (Fig. 2)

2003-12-16.9 to 2003-12-20.3 458 5 0.012 8.3 52.7 P06 (Fig. 3)

2015-04-13.3 to 2015-04-14.4 120 2 0.024 3.1 168.2 Fig. 1

2017-02-23.3 to 2017-03-01.3 304 2 0.017 17.9 146.9 Fig. 2

2017-03-31.1 to 2017-04-02.3 144 2 0.025 3.8 155.7 Fig. 3

2017-04-18.2 to 2017-05-04.3 233 3 0.030 16.3 161.9 Fig. 4

2019-01-31.4 to 2019-02-02.2 119 2 0.011 25.7 126.7 Fig. 5

2019-03-09.1 to 2019-03-11.1 374 3 0.010 4.1 138.7 Fig. 6

2020-12-12.6 to 2020-12-23.4 333 4 0.011 44.2 87.9 Fig. 7

2021-01-08.5 to 2021-01-10.4 289 6 0.010 33.3 100.5 Fig. 8

2021-01-12.6 to 2021-01-14.6 283 4 0.008 30.7 102.6 Fig. 9

2021-01-17.5 to 2021-01-18.4 292 4 0.006 27.8 104.7 Fig. 10

2021-01-20.2 296 2 0.015 26.2 105.8 Fig. 11

2021-02-17.4 121 2 0.012 5.2 118.0 Fig. 12

2021-03-06.3 149 1 0.011 11.1 124.5 Fig. 13

Note: P06 is Pravec et al. (2006).

We applied the lightcurve decomposition method outlined above to the ob-638

tained Didymos photometric data from the five apparitions presented in Sec-639

tion 2. We present the lightcurve decompositions data in Table 2 and in the640

figures referenced there. We have obtained the lightcurve decompositions for641

data taken during 16 separate intervals (including the three presented in642
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Pravec et al., 2006), with the primary rotation lightcurve shape appearing643

constant during each of the individual intervals. In the table, the first column644

gives the observational interval used for the individual decomposition, with645

the subsequent columns giving the total number of photometric data points646

used, the number of events covered (at least partially) by the observations,647

the rms residual of the best Fourier series fit to the rotational lightcurve data648

outside events (it was converted from light flux units to magnitudes using649

δm = 2.5δF/C0/ ln 10), the solar phase angle (α), the true anomaly of Didy-650

mos in its heliocentric orbit (ν; these two angles are for the center of the given651

observational interval) and the reference to a plot of the lightcurve decom-652

position. We note that though we did the fits of the Fourier series (Eqs. 2653

and 3) in light flux units, i.e., we converted the reduced magnitudes to flux654

units for the fitting, we then converted the resulting separated lightcurve com-655

ponents back to magnitudes for plotting in panels b and c of the presented656

figures. (The individual lightcurve components plotted in panels b and c of657

the figures were obtained from the reduced photometric data by subtracting658

the variable parts of the other lightcurve components (Eqs. 2 and 3). The con-659

stant part C0 = C1 + C2 was kept and it was not subtracted for the plotting.660

This is because we do not know a priori, before further modeling that follows661

the lightcurve decomposition, what fraction of the mean light flux of the sys-662

tem (C0) belongs to the primary or to the secondary.) These plots show how663

the Didymos lightcurve would appear if there was only the secondary/orbital664

lightcurve present (panel b; corresponding to a case of spheroidal primary)665

or only the primary lightcurve present (panel c; corresponding to a case of666

spheroidal secondary and the system being outside mutual event geometry).667

In the figures, the solid curves are the fitted Fourier series (Eq. 1) in panels668

a, and the fitted primary rotational lightcurve (Eq. 2, with the constant part669

C0 kept, as commented above) in panels c. The Fourier series coefficients670

are presented in Appendix A. We comment on the individual lightcurve671

decompositions presented in Table 2 and the figures referenced there in the672

following.673

The Didymos photometric data taken in 2003 were analyzed and their lightcurve674

decompositions were presented in Pravec et al. (2006). The three lightcurve675

decompositions obtained covered intervals 4, 8 and 4 days long; see the first676

three rows in Table 2. They were high-quality data with the rms residuals of677

the Fourier fits to the rotational lightcurve components of 0.008, 0.008 and678

0.012 mag, respectively. As many as 18 mutual events were fully or partially679

covered by the observations. The shapes of the mutual events changed quite680

rapidly with the changing Earth-Asteroid-Sun geometry during the observa-681

tions taken shortly after the close approach to Earth that occurred on 2003682

November 12. The changes were particularly prominent for the primary events683

(plotted around orbital phase 0.25 in Figs. 1b to 3b of Pravec et al., 2006)684

as they were particularly sensitive to specific viewing and illumination geom-685

etry of the binary system in the observed primary eclipses and occultations.686

We also note that the observed synodic primary rotation period was 2.2592-687

2.2593 h and so this value was used for the lightcurve decompositions of the688

2003 data, but the synodic-sidereal primary rotation period difference was es-689

timated to be 0.0008 h; the sidereal primary rotation period was determined690

to be 2.2600± 0.0001 h in further modeling (see Naidu et al., 2020). We fur-691

ther note that the synodic orbital period was estimated to be 11.91 h and it692

was used for the lightcurve decompositions. (Again, the sidereal orbital period693

was slightly greater, see Scheirich and Pravec, 2022.) Our last comment on the694
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2003 data is that the data obtained after subtraction of the primary lightcurve695

component did not show a flat (constant) secondary lightcurve outside mutual696

events (see Figs. 1b to 3b of Pravec et al., 2006). While Pravec et al. (2006)697

suggested that it might be due to rotation of a non-spheroidal secondary, we698

consider the features seen in the 2003 secondary lightcurves outside mutual699

events to be spurious rather than real features produced by the secondary’s700

rotation (see Section 4).701

The observations taken with DCT on 2015-04-13 and 14 were quite limited702

(total coverage of 7.4 h) and relatively noisy, but we were able to decom-703

pose them (Fig. 1). For the lightcurve decomposition, we assumed the synodic704

periods observed in 2003. (Possible small differences between actual synodic705

periods in April 2015 and those observed in 2003 would be entirely negligible706

for decomposition of the short 2015 data.) As for the decompositions of the707

2003 data in Pravec et al. (2006), we used G = 0.20 by Kitazato et al. (2004)708

for reduction of the 2015 data (as well as the 2017-2021 data below) with the709

H–G phase relation. Despite the relatively high noise of the 2015 data (their710

rms residual was 0.024 mag), we detected nearly all of one mutual event and711

a small part of another event (see Fig. 1b). The primary lightcurve (Fig. 1c)712

was quite complex with several local extrema; the harmonics up to the 8th713

were significant (m1 = 8 in Eq. 2). This multi-modal primary lightcurve,714

which is markedly different from the primary lightcurves observed in 2003715

(Figs. 1c to 3c in Pravec et al., 2006) that were predominated by the 1st or716

2nd harmonic, indicates that there were local topography effects present at717

the viewing and illumination aspect in April 2015 that were not seen in 2003.718

(The 2015 observations were taken at a small solar phase angle of 3◦ so the719

observed multimodal primary lightcurve shape was not related to a complex720

shadowing that could be present at high phase angles.) These data may be721

useful for refining the primary shape model in future.722

In 2017 we obtained 3 lightcurve decompositions (Figs. 2 to 4). They were723

mostly relatively noisy data again (rms residuals 0.017 to 0.030 mag), but724

we were able to decompose them grouped in three intervals that were 6, 2725

and 16 days long. (The last interval might seem somewhat long, but we did726

not see an obvious change of the primary lightcurve shape over the 16 days,727

though it is possible that small changes of the primary lightcurve shape were728

hidden in the noise.) Despite the noise, we detected 7 mutual events in full or729

partially. Like in April 2015, the primary lightcurves (Figs. 2c to 4c) showed730

multiple extrema. This indicates that the features of local topography that731

affected the 2015 primary lightcurve were present during the 2017 observations732

as well. Indeed, the heliocentric true anomaly of Didymos during the 2017733

observations, 147◦–162◦, was similar to its true anomaly on 2015 April 13-734

14 (168◦) —Didymos was seen on similar aspects in the two apparitions—,735

but it was quite different from the true anomaly values 27◦–53◦ of the 2003736

observations when we saw the more regular primary lightcurves. We note that737

we found that the synodic primary period in this apparition was close to738

(within error bars of) the 2.2600-h sidereal primary period, so, we used this739

period for the 2017 lightcurve decompositions. We estimated that the synodic740

orbital period was 11.917 h in this apparition; like in 2003, it was somewhat741

shorter than the sidereal orbital period we found in subsequent Dimorphos742

orbit modeling.743

In 2019 we obtained 2 lightcurve decompositions (Figs. 5 and 6). Unlike the744
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Fig. 1. Didymos lightcurve from 2015-04-13 to 2015-04-14. (a) The data showing all
lightcurve components, folded with the synodic orbital period. (b) The secondary
(orbital) lightcurve component, derived after subtraction of the primary lightcurve
component, showing the mutual events between the components of the binary sys-
tem. The horizontal line indicates the mean level outside mutual events
(corresponding to C0). (c) The primary lightcurve component.

2015 and 2017 data, the 2019 data were of high quality (we made observing745

strategy improvements based on experience obtained in 2015 and 2017) with746

rms residuals of 0.010–0.011 mag. We detected 5 mutual events partially or in747

full. We found that the synodic primary and orbital periods in 2019 were close748

to the values observed in 2017, though we were not able to refine them with the749

short 2019 intervals (both only 2 days long); we used the 2017 synodic period750

values for the 2019 lightcurve decompositions. It is notable that the primary751

lightcurves observed in this apparition (Figs. 5c and 6c) were regular again,752

similar to those observed in late November and December 2003. Apparently753

the local topography features that caused the complex multimodal primary754

lightcurves in 2015 and 2017 did not affect it in 2019 when Didymos was seen755

at lower heliocentric true anomaly values 127◦–139◦. We further note that756

the GTC observations of 2019-03-09 to 11 showed a non-constant secondary757

lightcurve outside events; it will be analyzed in Section 4.758

The rich data we took in the 2020–2021 apparition allowed us to obtain as759

many as 7 lightcurve decompositions (Figs. 7 to 13). They were high qual-760

ity data with the rms residuals from 0.006 to 0.015 mag. We detected 23761

mutual events partially or in full. The synodic primary period was 2.2602 h762

(formal error < 0.0001 h) as we determined from the highest quality data763

obtained from 2020-12-12 to 2021-01-18 and we used this value for all the764

lightcurve decompositions in this apparition. The synodic orbital period was765

close to the 11.917-h value observed in 2017 and we used it for all the 2020–766

2021 lightcurve decompositions. It is particularly interesting that the mutual767
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Fig. 2. Didymos lightcurve from 2017-02-23 to 2017-03-01. See caption of Fig. 1 for
description of the content of the panels.

Fig. 3. Didymos lightcurve from 2017-03-31 to 2017-04-02. See caption of Fig. 1 for
description of the content of the panels.
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Fig. 4. Didymos lightcurve from 2017-04-18 to 2017-05-04. See caption of Fig. 1 for
description of the content of the panels.

events were less prominent, mostly shorter and shallower, in this apparition768

than in all the previous four observed apparitions. This was apparent espe-769

cially between 2021-01-08 and 18 (Figs. 8b to 10b) when the primary eclipses,770

observed around orbital phase 0.29, were short and relatively shallow (with771

depths about 0.04mag) and the primary occultations (we have identified the772

character of the individual events in Scheirich and Pravec, 2022), observed773

around orbital phase 0.21, were even shallower, especially during January 8–774

14 when their depth was as low as 0.019 mag (cf. with the depth of the total775

secondary events 0.050 ± 0.002 mag observed on other epochs, see Scheirich776

and Pravec, 2022). Apparently the Didymos binary system was seen signif-777

icantly off the mutual orbit plane, i.e., at relatively high angles between its778

mutual orbit plane and the Asteroid-Earth/Sun line (we call them ‘aspect an-779

gles’) that caused the observed occultations/eclipses to be quite off-center and780

partial. Indeed, as Scheirich and Pravec (2022) found, both aspect angles were781

near their maximum values in January 2021, while at least one of them was782

not close to the extreme on any other epoch in all the five observed appari-783

tions. As for the primary lightcurves (Figs. 7c to 13c), they showed multiple784

extrema in December 2020 and January 2021 again, but it might be a result785

of observing Didymos at relatively high solar phases (26◦–44◦), where effects786

of local topography could be more prominent.787

We conclude this section with stating that the photometric data set we ob-788

tained for Didymos in the five apparitions during 2003–2021 is among the best789

obtained for binary near-Earth asteroids so far (comparable only to the data790

obtained for (66391) 1999 KW4 and (175706) 1996 FG3). Despite the relatively791

small size of the Didymos secondary (D2/D1 = 0.21; Scheirich and Pravec,792

2009), resulting in relatively shallow mutual events, we obtained high quality793
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Fig. 5. Didymos lightcurve from 2019-01-31 to 2019-02-02. See caption of Fig. 1 for
description of the content of the panels. Note: In this and subsequent figures showing
the high-quality data from 2019 and 2020-2021 with errors around 0.01mag, we do
not plot error bars for the individual data points as they are comparable to the sizes
of the data point symbols.

data for a good number of mutual events. This required the use of medium- to794

large-sized telescopes as Didymos was relatively distant and therefore rather795

faint during 2015–2021. The obtained mutual event data have been used for796

modeling the Dimorphos orbit (Scheirich and Pravec, 2022; Naidu et al., 2022).797

The rich experience we have obtained through these observations over five ap-798

paritions will be used for performing further high-quality observations before799

and after the DART impact in the 2022–2023 apparition of Didymos.800

4 Constraints on the Dimorphos equatorial elongation801

One of the most important parameters of a binary asteroid that can be es-802

timated or constrained from lightcurve analysis is an equatorial axis ratio803

(a2/b2) of the secondary. Information on the parameter is contained in the804

amplitude of the secondary lightcurve component (Eq. 3). Pravec et al. (2016)805

analysed secondary lightcurve data for 46 near-Earth and small main-belt as-806

teroids and found that the secondary equatorial elongations have an upper807

limit of a2/b2 of about 1.5. Following this constraint, the DART team has808

assumed a2/b2 = 1.3 ± 0.2 for Dimorphos. Our preliminary analyses of the809

Didymos secondary lightcurve data in the past years revealed that estimating810

Dimorphos’ equatorial elongation is challenging. This has been because, unlike811

most binary asteroid secondaries studied in Pravec et al. (2016), the Didymos812
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Fig. 6. Didymos lightcurve from 2019-03-09 to 2019-03-11. See caption of Fig. 1 for
description of the content of the panels. The data points from the individual
nights and the Fourier series (Eq. 1) fitted to them (outside mutual
events) are color-coded in this plot (as well as in following Figs. 7 to
10); this is to facilitate seeing the quality of the fit to the data outside
events in panel a where the data from different nights phased with the
orbit period heavily overlap. The red curve is the best fit secondary lightcurve,
see Section 4. Note that the zero point time (epoch) for this plot was arbitrarily
shifted by−0.25 in orbital phase —the observed secondary events are plotted around
orbital phase 0.50 and not 0.75 as in all the other plots— to show the secondary
lightcurve variation (outside of mutual events) on one continuous plot; it would
break at orbital phase 1.0 if we plotted the events around phase 0.75.

secondary is relatively small (D2/D1 = 0.21) and so the signal from its rota-813

tion is diluted in the light of the much larger primary. 12 That, together with814

the fact that the observations of Didymos in 2015–2021 were largely optimized815

for the DART mission-critical task of precisely determining Dimorphos’ orbit816

around the primary and not for estimating its elongation, resulted in not yet817

achieving a conclusive result on Dimorphos’ a2/b2. In this section, we analyze818

the available data and define requirements for potential observations opti-819

mized for estimating Dimorphos’ elongation in July–September 2022 (before820

the DART impact).821

Pravec et al. (2006) found that their derived Didymos secondary lightcurve822

components were not flat (constant) at orbital phases outside mutual events823

(see their Figs. 1b to 3b). They suggested that the variations seen outside824

the mutual events might be due to rotation of a non-spheroidal secondary.825

12 Unlike the case of the binary asteroid secondary, we note that estimating equato-
rial elongations of single asteroids with magnitudes similar to Didymos, V = 19–20,
from photometric observations is a routine task (e.g., Thirouin et al. 2018).
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Fig. 7. Didymos lightcurve from 2020-12-12 to 2020-12-23. See caption of Fig. 1 for
description of the content of the panels.

Fig. 8. Didymos lightcurve from 2021-01-08 to 2021-01-10. See caption of Fig. 1 for
description of the content of the panels.
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Fig. 9. Didymos lightcurve from 2021-01-12 to 2021-01-14. See caption of Fig. 1 for
description of the content of the panels.

Fig. 10. Didymos lightcurve from 2021-01-17 to 2021-01-18. See caption of Fig. 1 for
description of the content of the panels.
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Fig. 11. Didymos lightcurve from 2021-01-20. See caption of Fig. 1 for description
of the content of the panels.

Fig. 12. Didymos lightcurve from 2021-02-17. See caption of Fig. 1 for description
of the content of the panels.
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Fig. 13. Didymos lightcurve from 2021-03-06. See caption of Fig. 1 for description
of the content of the panels.

However, upon further examination of their observations, following more ex-826

perience that we obtained with observations of binary asteroids since 2006,827

we more recently suspect that the features seen in the derived 2003 secondary828

lightcurves outside mutual events are spurious. We suspect that the appar-829

ent variations might be artifacts caused by certain observational issues (such830

as imperfect flatfields) which they did not have under full control for the831

fast moving target in 2003. This suspicion has been strengthened because the832

apparent features did not look like a rotational lightcurve of a synchronous833

secondary (we note that Dimorphos is expected to be in the 1:1 synchronous834

spin state, as are the secondaries of other well-observed binary asteroids with835

parameters similar to the Didymos system; Pravec et al., 2016) and they did836

not repeat consistently over the three observational intervals. Therefore we837

suggested that a rotational lightcurve of the Didymos secondary could be de-838

tected with future high-quality observations that would provide photometry839

consistent at a 0.01-mag (or better) level over several hours covering at least a840

half of the mutual orbit period. This data-quality requirement was set based841

on the experience obtained with photometry of other binary asteroids with842

parameters similar to Didymos (Pravec et al., 2016). In particular, a mod-843

erately elongated secondary with D2/D1 = 0.21 would produce a secondary844

lightcurve amplitude in the combined primary plus secondary lightcurve data845

not greater than 0.02 mag, hence the need to obtain data consistent at the846

0.01-mag level or better.847

The photometric observations that we performed in 2015–2021 were mostly848

of insufficient photometric accuracy or coverage for detecting a rotational849

lightcurve of Dimorphos. However, there were a few high quality and suffi-850
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ciently long observational runs that allowed us to analyze possible secondary851

rotational variations outside mutual events.852

The data obtained with the LDT on 2019-01-31, 2020-12-23, 2021-01-14 and853

2021-03-06, with the third run supplemented with the Keck R data of 2021-854

01-14, were of both high quality (errors about 0.010 mag) and consistent pho-855

tometric coverage with durations ≥ 5.6 h (i.e., about half of the orbit period),856

thus suitable for analysis of a possible secondary rotational variation outside857

mutual events. To check for its possible presence, we fitted the data with858

the Fourier series (Eq. 3) with the period P2 set to half of the orbit period859

and m2 = 1. This setting is because the rotational lightcurve of an elongated860

synchronous secondary is expected to be predominated by the 2nd harmonic861

of the orbit period, which corresponds to the 1st harmonic of half of the orbit862

period (see Pravec et al., 2016). We found no significant secondary rotational863

lightcurve amplitude in the first, second and fourth run; the F-test gave 0.5, 1.1864

and 1.6 for them, respectively. The formal 3-σ upper limits on the secondary865

amplitudes in the three runs were 0.013, 0.009 and 0.011 mag, respectively.866

(We follow the convention in the asteroid research field and report “peak-to-867

trough” amplitudes of the asteroid lightcurves.) There was a marginal signal in868

the secondary lightcurve of the LDT+Keck run 2021-01-14; the F-test gave 3.5869

for it with the secondary lightcurve amplitude A2 = 0.007 mag with a formal870

error of ±0.002 mag. Correcting for the mean light from the primary using the871

formulas in Pravec et al. (2006) gives an estimate for the secondary’s equato-872

rial elongation a2/b2 = 1.15 with a formal error of ±0.05. As the observations873

were taken at a solar phase angle of 30◦ where the secondary lightcurve am-874

plitude could be affected by the amplitude-phase effect (Zappalà et al., 1990),875

it might need to be corrected for that. Using the correction method of Pravec876

and Harris (2007), we obtained a corrected a2/b2 = 1.09. However, given that877

we are not sure how exactly the amplitude-phase effect works in the binary878

asteroid secondary, we suggest to adopt the mean of these two values, i.e.,879

a2/b2 = 1.12. Alternatively, it might be perhaps better to say that we have880

estimated a formal 3-σ upper limit on the Dimorphos equatorial axis ratio881

of 1.30. However, as this exercise was all about analysing a signal buried in882

statistical noise of the observations, we can not be certain that there were883

no hidden systematic errors present in the LDT+Keck data on the level of a884

few 0.001 mag, so, we must consider the possibility that there might be some885

systematic error present in the a2/b2 estimate, though we cannot estimate its886

magnitude at the current stage of our work on the data.887

The observations taken with GTC on 2019-03-09, 10 and 11 showed, how-888

ever, a different behavior. A formally significant period of 6.05 h (formal error889

±0.03 h) for a monomodal lightcurve was detected, which corresponds to a890

bimodal (i.e., predominated by the 2nd harmonic as expected for an elongated891

secondary, see above) secondary rotational lightcurve with a period of 12.10 h892

with a formal error of±0.06 h. This is close but not exactly equal to the Dimor-893

phos’ orbital period of 11.92 h. Assuming that the difference between the two894

periods of 0.18 h is not significant (the P2 formal error of 0.06 h might be under-895

estimated), we obtained a secondary lightcurve amplitude of A2 = 0.017 mag896

with a formal error of ±0.001 mag assuming P2 = Porb = 11.92 h. With897

the methods mentioned in the previous paragraph, this gave an estimate for898

a2/b2 = 1.41 or 1.37 (the latter after correcting the data for the amplitude-899

phase effect) with a formal error of ±0.05; for the reasons mentioned above,900

we would adopt a2/b2 = 1.39. This is markedly different from the estimate901
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a2/b2 ≈ 1.12 obtained from the 2021-01-14 LDT+Keck data. 13 Though the902

formal 3-σ error bars of the GTC and LDT+Keck estimates overlap (the true903

a2/b2 might thus be perhaps in the range 1.22–1.30), we feel that it is pre-904

mature to accept any of the a2/b2 estimates that are based on these limited905

data. In particular, we must consider that the GTC data might be affected906

by a systematic error over the ∼ 6.5 h long observational runs on the 2019-907

03-09 and 11 nights. As described in Section 2.3, the asteroid transited over908

the entire field of view of the GTC’s OSIRIS camera during the 6.5-h run, so909

any systematic errors present, e.g., in the flatfield correction on the order of910

∼ 1.5%, might produce an artificial secondary signal with a period close to911

24/4 h. The apparent secondary lightcurve period 6.05 ± 0.03 h might then912

be not a detection of a real secondary rotation period (or its half), but an913

observational artifact repeating with the integer fraction of Earth’s rotation914

period for the observations taken from one station and during the same UT915

hour intervals on nearby nights. Though we do not have any direct evidence916

for or against the presence of this or other systematic errors in the GTC ob-917

servations, we have to be cautious and require a confirmation of the suggested918

a2/b2 estimates.919

We conclude that the photometric observations obtained so far have not yet920

brought a trustworthy estimate for Dimorphos’ equatorial axis ratio. The sig-921

nal from the secondary rotation is diluted in the light of the much larger922

primary and its amplitude in the combined primary+secondary lightcurve is923

comparable to or lower than the photometric errors of the observations ob-924

tained during 2003–2021. To reveal Dimorphos’ rotational lightcurve and to925

estimate its equatorial elongation with a good degree of confidence, we will926

need to take very high quality observations with photometric errors, both ran-927

dom and systematic, of 0.005 mag or less. Taking such observations over at928

least half of Dimorphos’ orbital period on at least two nights and with at least929

two different telescopes will probably be needed to obtain confidence in the930

results for the secondary lightcurve, by seeing a mutual consistency between931

the obtained data. While getting data with statistical errors of 0.005 mag will932

not be a problem with good telescopes when Didymos is bright (V = 14.5–933

18) in July-September 2022, it may be particularly demanding to control all934

potential systematic error sources to within 0.005 mag for the (relatively) fast935

moving target over a 6-h long nightly observing run.936

5 Conclusions937

The photometric observations performed for the Didymos binary asteroid sys-938

tem with 11 telescopes with diameters from 3.5 to 10.4 m in 2015–2021 pro-939

vided detections of as many as 37 mutual occultation/eclipse events between940

the binary system components. The full photometric data set containing 55941

13 The large difference between the apparent secondary amplitudes seen on 2019-
03-09 to 11 and 2021-01-14 could not be caused by a difference in viewing geometry
as the secondary was seen, assuming its spin pole is the same as the mutual orbit
pole, at nearly same aspect on both epochs. For the mutual orbit pole solution by
Scheirich and Pravec (2022), the angle between the Earth-Asteroid line and the
Dimorphos equatorial plane was 16.4◦ and 16.8◦ , respectively, on the two epochs.
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mutual events, including the 18 detected in 2003 (Pravec et al., 2006), provides942

a great basis for modeling Dimorphos’ orbit around the primary (Scheirich943

and Pravec, 2022; Naidu et al., 2022). The decomposed primary lightcurve944

data, which reveal a complex primary lightcurve shape on some epochs, may945

be useful for refined primary shape modeling when combined with the 2003946

radar and lightcurve observations in the future. Detection of the secondary947

rotational lightcurve turned out to be challenging due to the relatively small948

size of Dimorphos, with first estimates on the Dimorphos equatorial axis ra-949

tio being mutually inconsistent. The observational requirements for obtain-950

ing a successful detection of the Dimorphos rotational lightcurve are given.951

These observations will be challenging, but potentially doable when Didymos952

is bright in July-September 2022.953
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thanks the Action Fédératrice “ESTERS – Environnement Spatial de la Terre:1014

Recherche & Surveillance” of the Paris Observatory for financial support.1015

Funding for SDSS-III has been provided by the Alfred P. Sloan Founda-1016

tion, the Participating Institutions, the National Science Foundation, and1017

the U.S. Department of Energy Office of Science. The SDSS-III web site is1018

http://www.sdss3.org/. SDSS-III is managed by the Astrophysical Research1019

Consortium for the Participating Institutions of the SDSS-III Collaboration1020

including the University of Arizona, the Brazilian Participation Group, Brook-1021

haven National Laboratory, Carnegie Mellon University, University of Florida,1022

the French Participation Group, the German Participation Group, Harvard1023

University, the Instituto de Astrofisica de Canarias, the Michigan State/Notre1024

Dame/JINA Participation Group, Johns Hopkins University, Lawrence Berke-1025

ley National Laboratory, Max Planck Institute for Astrophysics, Max Planck1026

Institute for Extraterrestrial Physics, New Mexico State University, New York1027

University, Ohio State University, Pennsylvania State University, University of1028

Portsmouth, Princeton University, the Spanish Participation Group, Univer-1029

sity of Tokyo, University of Utah, Vanderbilt University, University of Virginia,1030

University of Washington, and Yale University.1031

36



APPENDIX1032

A Fourier series coefficients of Didymos lightcurve decompositions1033

In Table A.1, we present the coefficients of the best-fit Fourier series1034

(Eq. 1) of the 13 lightcurve decompositions presented in Section 3.1035

For each data set, the table gives the periods, the epoch (the zero1036

point time in asterocentric frame, i.e., with the times corrected for1037

light-travel time, Julian Date; t0), the mean light level (correspond-1038

ing to C0) on the relative magnitude scale for each individual data1039

set, and the normalized Fourier coefficients for the individual or-1040

ders (up to the maximum significant order; see Section 3). In two1041

cases —the data sets 2019-03-09 to 2019-03-11 and 2021-01-12 to1042

2021-01-14—, we present the fits done with setting P2 = 5.9585 h,1043

i.e., at half of the assumed synchronous synodic secondary rotation1044

period, as there was apparent a (marginally) significant secondary1045

rotational lightcurve signal (see the analysis in Section 4).1046

Table A.1: Fourier series coefficients of Didymos
lightcurve decompositions

j k Cjk/C0 Sjk/C0

Data 2015-04-13 to 2015-04-14 (Fig. 1)

P1 = 2.2593 h

P2 = 11.91 h

Epoch = 2457126.05

Mean Level (mag) = −2.2440

1 1 0.0130 −0.0056

1 2 0.0103 0.0078

1 3 −0.0056 −0.0086

1 4 0.0005 −0.0029

1 5 0.0077 −0.0046

1 6 0.0019 −0.0017

1 7 −0.0041 0.0063

1 8 −0.0062 0.0034

Data 2017-02-23 to 2017-03-01 (Fig. 2)

P1 = 2.2600 h

P2 = 11.917 h

Epoch = 2457809.58

Mean Level (mag) = 18.1804
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j k Cjk/C0 Sjk/C0

1 1 −0.0227 −0.0078

1 2 0.0012 0.0189

1 3 −0.0026 0.0125

1 4 0.0105 −0.0016

1 5 −0.0023 0.0036

1 6 0.0020 0.0014

1 7 0.0043 0.0031

Data 2017-03-31 to 2017-04-02 (Fig. 3)

P1 = 2.2600 h

P2 = 11.917 h

Epoch = 2457809.58

Mean Level (mag) = 18.1941

1 1 −0.0119 −0.0100

1 2 −0.0139 0.0206

1 3 −0.0038 −0.0002

1 4 0.0018 −0.0026

1 5 0.0077 −0.0015

1 6 −0.0117 0.0055

Data 2017-04-18 to 2017-05-04 (Fig. 4)

P1 = 2.2600 h

P2 = 11.917 h

Epoch = 2457809.58

Mean Level (mag) = 18.1969

1 1 −0.0061 −0.0226

1 2 −0.0180 −0.0024

1 3 −0.0118 −0.0074

1 4 −0.0011 −0.0007

1 5 0.0053 0.0019

1 6 0.0032 0.0011

1 7 0.0003 0.0076

Data 2019-01-31 to 2019-02-02 (Fig. 5)

P1 = 2.2600 h

P2 = 11.917 h

Epoch = 2458514.96
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j k Cjk/C0 Sjk/C0

Mean Level (mag) = 19.0530

1 1 0.0150 0.0113

1 2 −0.0190 0.0169

1 3 0.0093 −0.0066

1 4 0.0050 0.0092

1 5 0.0029 0.0010

1 6 0.0017 −0.0027

1 7 0.0026 0.0021

Data 2019-03-09 to 2019-03-11 (Fig. 6)

P1 = 2.2600 h

P2 = 5.9585 h

Epoch = 2458552.82

Mean Level (mag) = 19.0618

1 1 0.0141 0.0136

1 2 −0.0134 0.0082

1 3 0.0066 0.0016

1 4 0.0019 0.0024

1 5 −0.0018 −0.0005

1 6 0.0016 −0.0007

1 7 −0.0010 0.0009

1 8 0.0003 −0.0012

1 9 −0.0004 0.0017

2 1 −0.0069 0.0049

Data 2020-12-12 to 2020-12-23 (Fig. 7)

P1 = 2.2602 h

P2 = 11.917 h

Epoch = 2459224.31

Mean Level (mag) = 19.5426

1 1 −0.0216 0.0000

1 2 −0.0078 0.0348

1 3 0.0058 0.0199

1 4 0.0116 −0.0090

1 5 −0.0002 0.0075
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j k Cjk/C0 Sjk/C0

1 6 −0.0020 0.0010

Data 2021-01-08 to 2021-01-10 (Fig. 8)

P1 = 2.2602 h

P2 = 11.917 h

Epoch = 2459224.31

Mean Level (mag) = 19.5439

1 1 −0.0173 0.0013

1 2 −0.0089 0.0287

1 3 0.0061 0.0171

1 4 0.0101 −0.0069

1 5 0.0009 0.0049

1 6 −0.0053 0.0024

1 7 0.0022 0.0030

Data 2021-01-12 to 2021-01-14 (Fig. 9)

P1 = 2.2602 h

P2 = 5.9585 h

Epoch = 2459224.31

Mean Level (mag) = 19.5450

1 1 −0.0161 −0.0009

1 2 −0.0055 0.0258

1 3 0.0034 0.0150

1 4 0.0110 −0.0068

1 5 −0.0010 0.0034

1 6 −0.0044 0.0017

1 7 0.0003 0.0030

1 8 0.0017 0.0019

2 1 0.0004 0.0037

Data 2021-01-17 to 2021-01-18 (Fig. 10)

P1 = 2.2602 h

P2 = 11.917 h

Epoch = 2459224.31

Mean Level (mag) = 19.5138

1 1 −0.0242 −0.0003

1 2 −0.0087 0.0266
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j k Cjk/C0 Sjk/C0

1 3 0.0009 0.0171

1 4 0.0101 −0.0053

1 5 0.0030 0.0024

1 6 −0.0036 0.0024

1 7 0.0009 0.0016

1 8 0.0015 0.0018

Data 2021-01-20 (Fig. 11)

P1 = 2.2602 h

P2 = 11.917 h

Epoch = 2459224.31

Mean Level (mag) = 19.5146

1 1 −0.0187 0.0013

1 2 −0.0088 0.0244

1 3 −0.0006 0.0183

1 4 0.0102 −0.0048

1 5 −0.0002 0.0022

1 6 −0.0048 0.0012

Data 2021-02-17 (Fig. 12)

P1 = 2.2602 h

P2 = 11.917 h

Epoch = 2459224.31

Mean Level (mag) = 19.5325

1 1 −0.0104 −0.0111

1 2 −0.0088 0.0086

1 3 0.0009 0.0049

1 4 0.0040 0.0034

1 5 0.0032 −0.0033

Data 2021-03-06 (Fig. 13)

P1 = 2.2602 h

P2 = 11.917 h

Epoch = 2459224.31

Mean Level (mag) = 19.5393

1 1 −0.0093 −0.0070

1 2 −0.0147 0.0130
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j k Cjk/C0 Sjk/C0

1 3 −0.0072 0.0050

1 4 0.0031 0.0022

1 5 0.0017 −0.0003

1 6 −0.0030 −0.0026
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