
    
      Table 1 

      Orbital and physical properties of MS4 from the literature.

      
        


	Orbital properties(a)
	Physical properties





	a
	41.8 au
	D(b)
	934 ± 47 km



	q
	35.75 au
	HV
	4.0 ± 0.6 (b)/3.63(c)



	i
	17.7°
	pV(b)
	[image: equation]



	e
	0.14
	Apmag(d)
	20.39 mag





      

      
Notes. (a)Orbital elements from JPL Small-Boby Database Browser web page (https://ssd.jpl.nasa.gov/tools/sbdb_lookup.html#/?sstr=2882MS4). (b)Physical properties obtained by Vilenius et al. (2012): area-equivalent diameter (D) and geometric albedo at V-band (pV); HV: average absolute magnitude at V-band; Stansberry et al. (2008) obtained D = 726.05 ± 123.05 km and [image: equation] for a value of HV = 4.0 using Spitzer data only. (c)Information from Tegler et al. (2016).(d)Apmag: object’s average apparent visual magnitude on August 8, 2020, from JPL website https://ssd.jpl.nasa.gov/horizons/app.html#/.




    

  
    
      Table 2 

      Target stars designation and geocentric coordinates at closest approach instant (UT) sorted by occultation date (day-month-year).

      
        


	Date
	Gaia DR3 designation
	Propagated right ascension (hh mm ss.sssss)
	Error (mas)
	Propagated declination (°' '')
	Error (mas)
	V (a) (mag)
	K (a) (mag)
	S Diam(b) (km)
	ΔMS4(C) (au)





	09-07-2019
	4253196402592965504
	18 45 19.24565
	0.15
	−06 24 13.0031
	0.12
	15.00
	14.15
	0.19
	45.62



	26-07-2019
	4253186506987951104
	18 44 07.57274
	0.54
	−06 26 40.1240
	0.46
	17.78
	16.27
	0.08
	45.67



	
	4253186477047835648
	18 44 06.31756
	0.13
	−06 26 43.8948
	0.11
	15.45
	11.66
	0.98
	45.68



	19-08-2019
	4253181804071259648
	18 42 43.51905
	0.24
	−06 32 34.0868
	0.19
	16.51
	16.59
	0.05
	45.88



	26-07-2020
	4253244201379441792
	18 48 18.07372
	0.12
	−06 13 31.6134
	0.12
	14.76
	12.61
	0.47
	45.60



	08-08-2020
	4253248324549054464
	18 47 29.96384
	0.12
	−06 16 31.4727
	0.10
	14.62
	11.13
	1.19
	45.70



	24-02-2021
	4253709191700784896
	18 56 35.98731
	0.25
	−06 30 23.1569
	0.23
	16.51
	12.96
	0.53
	47.05



	14-10-2021
	4252495635735083264
	18 50 30.76176
	0.31
	−06 24 13.3375
	0.27
	15.83
	13.44
	0.34
	46.52



	10-06-2022
	4253907305577009664
	19 00 15.44628
	0.23
	−05 42 42.9960
	0.21
	15.1
	13.00
	0.39
	45.48





      

      
Notes. It is essential to mention that none of the stars have a duplicity flag in the Gaia DR3 catalog. (a)The magnitudes retrieved from NOMAD catalog and used in SORA to calculate the (b)stellar diameter (S Diam) at the (c)MS4’s geocentric distance (ΔMS4).




    

  
    
      Table 3 

      Ingress and egress instants with 1σ error bars.

      
        


	Sites
	Ingress (hh:mm:ss.ss ± ss.ss)
	Egress (hh:mm:ss.ss ± ss.ss)





	
	09 July 2019
	



	OPSPA
	04:23:28.65 ± 0.19
	04:23:58.26± 0.38



	ASH2
	04:23:27.2 ± 1.1
	04:23:56.73 ±2.1



	Pico dos Dias
	04:22:02.182 ± 0.006
	04:22:29.44 ± 0.67



	
	26 July 2019 – South America
	



	OPSPA
	02:47:15.6 ± 7.8
	02:48:04.0 ± 3.7



	ASH2
	02:47:21.0 ± 3.8
	02:47:54.8 ± 5.3



	Paranal
	02:47:34.33 ±0.12
	02:48:07.9 ± 1.2



	Pico dos Dias
	02:45:55.310 ± 0.099
	02:46:17.581 ± 0.093



	
	26 July 2019 – North America
	



	Osoyoos
	10:15:16.65 ± 0.40
	10:15:53.12 ± 0.33



	
	19 August 2019
	



	Penticton
	07:37:19.2 ± 2.6
	07:37:55.2 ± 1.3



	Osoyoos
	07:37:17.55 ± 0.55
	07:37:53.7 ± 2.0



	
	26 July 2020
	



	Pretoria
	23:15:28.46 ± 0.12
	23:15:54.27 ± 0.15



	Johannesburg
	23:15:28.940 ±0.092
	23:15:55.89 ± 0.18



	
	08 August 2020
	



	Varages
	20:43:44.858 ± 0.058
	20:43:53.359 ± 0.028



	TAROT North
	20:43:39.5 ±2.0
	20:43:51.5 ±2.0



	Méo station
	20:43:39.488 ± 0.021
	20:43:53.960 ± 0.027



	Caussols
	20:43:39.27 ± 0.13
	20:43:54.18 ±0.56



	Lleida
	20:44:01.4± 6.6
	20:44:25.13 ± 0.12



	Cannes
	20:43:37.23 ± 0.21
	20:43:55.64 ± 0.39



	Nice
	20:43:36.444 ± 0.029
	20:43:52.834 ± 0.071



	Valbonne
	20:43:37.376 ± 0.055
	20:43:54.07 ±0.13



	Črni Vrh
	20:43:09.71 ± 0.94
	20:43:26.58 ± 0.35



	Mátraszentistván
	20:42:46.866 ± 0.015
	20:43:04.739 ± 0.045



	Ljubljana
	20:43:06.70 ± 0.20
	20:43:25.20 ± 0.33



	Budapest
	20:42:49.59 ± 0.13
	20:43:08.61 ± 0.20



	Trieste
	20:43:07.7 ±3.3
	20:43:27.41 ± 0.85



	Catalonia
	20:43:57.15 ± 0.21
	20:44:17.84± 0.14



	Bologna
	20:43:17.40 ± 0.26
	20:43:38.77 ± 0.67



	Massa 02
	20:43:20.52 ± 0.39
	20:43:43.83 ±0.32



	Castelvecchio Pascoli
	20:43:18.742± 0.088
	20:43:44.1 ± 1.4



	Borgo a Mozzano
	20:43:19.224 ± 0.078
	20:43:42.80 ± 0.12



	San Marcello Pistoiese
	20:43:16.200 ±0.072
	20:43:42.6± 1.2



	Sta. Maria a Monte
	20:43:17.68 ± 0.12
	20:43:42.80 ± 0.11



	Signa
	20:43:15.61 ± 0.57
	20:43:40.38 ± 0.67



	Lastra a Signa
	20:43:13.815 ±0.084
	20:43:41.9 ± 1.2



	Khmelnytskyi
	20:42:01.81 ± 0.82
	20:42:49.7± 15.7



	Sevilla
	20:44:29.03 ± 0.13
	20:44:59.40± 0.19



	Huelva
	20:44:32.74± 0.37
	20:45:02.72 ± 0.28



	Cluj-Napoca
	20:42:25.0± 1.2
	20:42:56.61 ± 0.30



	Fuensanta de Martos
	20:44:22.0 ± 3.0
	20:44:55.0 ± 3.1



	Fiastra
	20:43:05.1 ± 1.8
	20:43:37.89± 0.52



	Dragsina
	20:42:32.938 ± 0.087
	20:43:05.82 ± 0.32



	Ibiza
	20:43:56.6± 1.8
	20:44:28.55 ± 0.24



	Alhendín
	20:44:17.89± 0.57
	20:44:54.83 ± 0.18



	Granada (150 cm)
	20:44:17.571 ± 0.008
	20:44:52.08 ± 0.51



	Granada (90 cm)
	20:44:16.53 ± 0.51
	20:44:51.755 ± 0.026



	Estepona
	20:44:24.37 ± 0.45
	20:45:00.4 ± 1.9



	Marbella
	20:44:26.1 ± 4.3
	20:44:59.64 ± 0.22



	Rome
	20:43:08.37 ± 0.37
	20:43:43.79 ± 0.37



	Hvar
	20:42:51.69 ± 0.21
	20:43:27.96 ± 0.35



	Bacau
	20:42:12.60 ± 0.30
	20:42:50.49 ± 0.72



	Sassari
	20:43:19.35 ±0.35
	20:43:56.60 ± 0.50



	Guarcino
	20:43:03.86 ± 0.15
	20:43:41.13 ±0.15



	Kharkiv (70 cm)
	20:41:40.00 ± 0.13
	20:42:17.16± 0.12



	Kharkiv (36 cm)
	20:41:39.6 ± 1.9
	20:42:18.3 ± 1.2



	Ceccano
	20:43:02.39 ± 0.41
	20:43:40.76± 0.37



	Brasov
	20:42:14.2 ± 2.7
	20:42:51.5 ± 1.6



	Bârlad
	20:42:09.23 ± 0.55
	20:42:47.00 ± 0.49



	Valenii de Munte
	20:42:15.14± 0.24
	20:42:52.61 ± 0.50



	Ploiesti
	20:42:14.25 ± 2.1
	20:42:53.2± 1.5



	Odesa
	20:42:00.00 ±0.14
	20:42:38.49 ± 0.11



	Sorrento
	20:43:00.66 ±0.30
	20:43:37.7 ± 1.1



	Agerola
	20:42:59.603 ± 0.050
	20:43:37.842 ± 0.093



	Algiers
	20:43:50.844 ± 0.021
	20:44:29.115 ± 0.075



	La Palma
	20:45:35.032 ± 0.014
	20:46:08.313 ± 0.018



	Tijarafe
	20:45:35.68 ± 0.19
	20:46:08.08 ± 0.11



	Ariana
	20:43:23.87 ±0.29
	20:43:56.80 ± 0.25



	Artemis
	20:45:31.938 ±0.022
	20:46:01.297 ± 0.024



	TAR 1
	20:45:32.360 ± 0.057
	20:46:01.595 ± 0.063



	Catania
	20:43:04.59± 0.92
	20:43:34.564 ± 0.085



	Kuban
	20:41:36.2 ± 1.2
	20:42:00.63 ± 0.31



	Çanakkale
	20:42:23.39 ± 0.56
	20:42:38.830 ± 0.072



	
	24 February 2021
	



	OPSPA
	08:41:37.00 ± 0.61
	08:42:09.182± 0.082



	ASH2
	08:41:36.82± 0.98
	08:42:08.43 ± 0.30



	
	14 October 2021
	



	Osoyoos
	03:23:30.14 ± 0.40
	03:24:35.33 ± 0.67



	Flagstaff
	03:25:54.61 ± 0.44
	03:26:39.33 ± 0.73



	
	10 June 2022
	



	La Palma
	05:30:08.475 ±0.091
	05:30:43.30 ± 0.13



	Artemis
	05:30:02.427 ± 0.066
	05:30:37.51 ± 0.49



	Tree Gate Farm
	05:34:47.18 ± 0.33
	05:35:22.12 ± 0.28





      

      
Notes. The table lines are sorted from northernmost to southernmost, regarding the object’s latitude probed by the observatory and separated by event date.




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Chords measured during the 8 August 2020 event show the detection of MS4’s limb in blue with 1σ error bars (red segments). Six positive chords with large error bars were suppressed from this plot for better visualization: TAROT, Lleida, Khmelnytskyi, Fuensanta de Martos, Kharkiv T36, and Marbella. The green lines represent positions compatible with the total target’s flux within the noise (i.e., no secondary occultation). The order of positive chords, from north to south, is the same as in Table 3.

      

    

  
    
      Table 4 

      Parameters of the best-fitted ellipse (at 3σ level) derived from the 13 selected positive chords from the August 8 event.

      
        


	MS4’s global elliptical limb(a)





	f
	43 ± 6 km
	a′
	412 ± 10 km
	PA
	121 ± 16°



	g
	7 ± 9km
	ϵ′
	0.066 ± 0.034
	Requiv
	398 ± 12 km





      

      
Notes. (a)These solutions admit topographic features up to 7 km and are limited to the north by the negative chord from the Montsec station (orange segments in Fig. 2).




    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Thirteen selected chords (blue), where GPS data are presented in solid lines and NTP by dashed lines. Gray segments show the other positive chords not used in limb-fitting. The black ellipse shows the best elliptical limb, and the gray region the solutions within 3σ. The orange segments represent each image acquired from the Montsec station and the light green segments show other negative chords.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Post-occultation map showing the location of each station that participated in the 8 August 2020 occultation campaign. Solid lines delimit the observed shadow path, and the black dots mark the shadow position every minute, with the largest at the moment of the geocenter’s closest approach. The shadow follows the direction given by the black arrow. The blue dots indicate the 13 selected chords, while the other positives are in red triangles. A black star marks the close-by negative chord acquired from Montsec station. Green triangles and white diamonds represent stations with negative data and bad weather, respectively.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Normalized stellar flux in each frame acquired in Varages station as a function of time in black dots, with photometric uncertainties in red. The insert selects the egress region and illustrates a possible explanation for such a signal (see text).

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Limits of the assumed ±7 km tolerance (see text) shown as horizontal green lines and the black dashed line is the best-fit ellipse. Upper panel: red points (RD) are the distance of each point from the best-fit ellipse (in the normal-to-the-ellipse direction) as a function of the position angle, and the solid black line is the model with 1σ uncertainty represented in gray. Lower panel: residuals after subtracting the model from the data points.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        RD points projected at the sky plane in blue points, with 1σ uncertainties in red. The blue segment is the positive detection from Varages station. Orange and green segments correspond to negative frames acquired in Montsec and Asiago stations, respectively. In black, the dotted line is the best-fitted global limb model described in Sect. 3.1, and the solid line is the model for local topography. The solid gray lines limit the topographic model’s 1σ-error bars. Finally, the filled gray color shows the proposed global limb with topography.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Positive data from the stellar occultation on 9 July 2019 shown as the blue segments. The 1σ uncertainties are in red, and the negative chord acquired from the Ponta Grossa station is in orange. The best-fitted ellipse is in black, with the center presented by the black dot, and the solutions in the 3σ range are in gray. The fit considers topographic features up to 7 km in size. Thus, the ellipses crossing the negative chord are in this range.

      

    

  
    
      Table 5 

      Astrometric information (ICRS) for the geocentric closest approach instant (UT) obtained from the nine stellar occultation events observed between 2019 and 2022, sorted by date (day-month-year).

      
        


	Date
	Instant (UT) (hh:mm:ss.ss)
	Right ascension (hh mm ss.ss)
	Error (mas)
	Declination (º ' '')
	Error (mas)





	09-07-2019
	04:23:49.08
	18 45 19.245981
	0.23
	−06 24 13.05928
	0.60



	26-07-2019
	02:47:08.52
	18 44 07.573463
	0.57
	−06 26 40.17686
	0.51



	26-07-2019
	10:18:43.02
	18 44 06.315990
	0.37
	−06 26 43.7686
	1.3



	19-08-2019
	07:41:52.28
	18 42 43.51613
	1.0
	−06 32 33.9776
	1.1



	26-07-2020
	23:17:56.04
	18 48 18.075014
	0.12
	−06 13 31.70897
	0.12



	08-08-2020
	20:44:27.26
	18 47 29.961308
	0.12
	−06 16 31.34442
	0.10



	24-02-2021
	08:45:52.82
	18 56 35.9873
	1.1
	−06 30 23.1583
	2.8



	14-10-2021
	03:26:05.50
	18 50 30.768595
	0.48
	−06 24 13.20676
	0.52



	10-06-2022
	05:32:47.30
	19 00 15.446841
	0.32
	−05 42 42.8843
	1.3





      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Results for the additional eight stellar occultation events. Blue segments are the positive detections with \ a uncertainties in red. The best elliptical limb is in black, with the center presented by the black dot. The gray region presents all the limb solutions within 3a. The [image: equation] of each fit is presented between parenthesis in the individual labels. For the occultations presented in d, e, and f, the chosen center solution was the closest one to the predicted by NIMA v9 ephemeris.

      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Post-occultation map of the stellar occultations observed on July 09 (upper panel) and July 26, 2019 (lower panel) from South America. Solid blue lines and black dots indicate the observed shadow path every minute, and the largest black bullet represents the closest approach instant. The arrow shows the shadow direction over the Earth’s surface. Blue dots show the positive detections, green triangles show the negatives and white diamonds show the stations with bad weather conditions or technical problems. The black star marks the Ponta Grossa station, a close negative chord that limits the ellipse solutions at the south for the July 09, 2019, event.

      

    

  
    
      Fig. A.2 

      
        [image: thumbnail]
      

      
        Post-occultation map of the stellar occultations observed on July 26 (upper panel) and August 19, 2019 (lower panel) from North America. Solid blue lines and black dots indicate the observed shadow path every minute. The arrow shows the shadow direction over the Earth’s surface, and the blue dots show the positive detections.

      

    

  
    
      Fig. A.3 

      
        [image: thumbnail]
      

      
        Post-occultation map of the stellar occultations observed on July 26, 2020, from South Africa and South America (upper panel) and on February 24, 2021, also from South America (lower panel). Solid blue lines and black dots indicate the observed shadow path every minute, and the largest black bullet represents the closest approach instant. The arrow shows the shadow direction over the Earth’s surface. Blue dots show the positive detections, green triangles show the negatives and white diamonds show the stations with bad weather conditions or technical problems.

      

    

  
    
      Fig. A.4 

      
        [image: thumbnail]
      

      
        Post-occultation map of the stellar occultations observed on October 14, 2021, from North America (upper panel) and on June 10, 2022, from North America and Europe (lower panel). Solid blue lines and black dots indicate the observed shadow path every minute, and the largest black bullet represents the closest approach instant. The arrow shows the shadow direction over the Earth’s surface. Blue dots show the positive detections and white diamonds show the stations with bad weather conditions or technical problems.

      

    

  
    
      Fig. C.1 

      
        [image: thumbnail]
      

      
        Fifty-eight normalized light curves, centered in the occultation instant, obtained on the 8 August 2020 campaign. The station that acquired the light curve is mentioned in each plot. The black and red points present the observed data and the fitted model, respectively.

      

    

  
    
      Fig. C.2 

      
        [image: thumbnail]
      

      
        Observed (black points) and calculated (red line) light curves for each site that observed a stellar occultation by 2002 MS4, except the 8 August 2020 multichord event. See Table B.4 for observational details.

      

    

  
    
      Fig. D.1 

      
        [image: thumbnail]
      

      
        The gray regions show the 1σ fitted limb for the main body and the putative satellite. Green segments show each exposure acquired from Montsec station. This data set was the closest negative chord at North. The orange segment shows the negative part of the Varages light curve. Red segments are the observed immersion and emersion (1σ) instants used for the limb fitting. The turquoise segments are the immersion and emersion (1σ) instants not used in the fits.
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