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Abstract

        Context. Asteroid families are the outcomes of disruption or cratering events on a size and energy scales that are not reproducible in laboratory experiments. Overall structure, as well as properties of individual members, in the old families could have been changed since their formation. Therefore young families preserve best the characteristics of the initial event.

        Aims. We study the most suitable known asteroid family with an age of less than 1 Myr, the Datura family. We aim (i) to obtain information about rotation state and shape of the largest members in the family; and (ii) to constrain its debiased population down to couple of hundreds of meters in size.

        Methods. We have analyzed the up-to-date catalog of orbital elements of main belt asteroids. We evaluated the detection efficiency of Catalina Sky Survey (CSS) in regard to detections of members in the Datura family, and we have used our photometric observations and lightcurve inversion methods to determine the rotation states and shapes of the largest members of the family.

        Results. We determined rotation periods of the seven largest members of the Datura family, and we also derived accurate mean absolute magnitudes for six of them. Except for the largest fragment (1270) Datura, the asteroids tend to have long rotation periods and large amplitude of the lightcurve, witnessing an elongated shape. For the four largest asteroids, our observations allow us to resolve rotation pole and a rough shape. All of them are prograde-rotating and have the latitude of the rotation pole >50°. Our search in orbital catalogs resulted in the discovery of many small, sub-kilometer members of the Datura family. Using the CSS detection efficiency, we inverted this information into the debiased population of Datura family members. We show that the mass and angular momentum content in small fragments is negligible compared to the largest fragment (1270) Datura. These findings may help to constrain the formation mechanism of the family.
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1. Introduction
Research of asteroid families has occupied the agenda of planetary science for nearly a century (e.g., Hirayama 1918, 1922). However, as in many other topics in astronomy, efforts to understand and analyze asteroid families are very non-linear in time. After decades of low-interest hibernation, the families business started to flourish mainly due to great observational achievements since the 1980s−1990s: all-sky surveys discovered hundreds of thousands of new asteroids, broad-band photometric programs allowed gross mineralogical classifications for tens of thousands of asteroids, infrared space-born missions allowed to determine sizes and albedos for a comparable number of objects. This flood of new data caused a revolution likened to a transition from Zworykin’s tube TV set to today’s HD device. 
One of the main interests in families consists of the fact that they are outcome of a giant fragmentation of a parent object. Not only do they allow us to probe its interior, by analyzing the individual fragments, but they also constrain physics and mechanics of the initial disruption process at energies unreachable in laboratory experiments. For this particular goal we would like to have available a snapshot of the family emerging right from the formation event. This is because as time passes, several dynamical processes influence the overall configuration of asteroids in the family, their surface properties and their rotation states (e.g., Nesvorný et al. 2015; Vokrouhlický et al. 2015). Our ability to determine, or at least constrain, ages of asteroid families, could be therefore highlighted as one of the important achievements of the past decade or so. As pointed out above, discovery and analysis of young families is of a special interest. 
A first step along these lines was paved by discovery of the Karin family (Nesvorný et al. 2002). This ≃5.75 Myr old family was formed when a ≃5.8 km size impactor blasted a ≃33 km size parent body by hitting it at ≃5−6 km s-1 velocity producing about hundred fragments larger than ≃2.5 km (e.g., Nesvorný et al. 2006a). A couple of similar, but less well characterized families, of this category were discovered in the subsequent years (e.g., Nesvorný et al. 2015). However, even the Karin family was found to be affected by traces of dynamical evolutionary processes (e.g., Nesvorný & Bottke 2004; Carruba et al. 2016b). These findings motivated the hunt for even younger families. 
The discovery of very young asteroid families, with ages less than 1 Myr, was made possible by applying a novel idea of searching clusters of asteroids in the space of osculating orbital elements rather than traditional proper orbital elements (e.g., Nesvorný et al. 2006b; Nesvorný & Vokrouhlický 2006). This actually accomplished an old idea dating back to at least Brouwer (1951) who noted that members in very young asteroid families should have orbits clustered not only in proper elements, but also their secular angles, longitude of node and perihelion. As of today, we know about eight such young families (see additionally, Pravec & Vokrouhlický 2009; Vokrouhlický & Nesvorný 2011). Some of them already posed interesting challenges for the asteroid break-up modeling, such as polarity of the largest members in the Schulhof family (e.g., Vokrouhlický & Nesvorný 2011; Vokrouhlický et al. 2016). However, the cluster around the largest asteroid (1270) Datura, thence the Datura family, is perhaps the most interesting of the currently known very young families. Not only it contains the largest number of members, but its location in the innermost part of the asteroid belt promises a good outlook for obtaining observational data with even small telescopes available to our group. 
Mothé-Diniz & Nesvorný (2008) and Vernazza et al. (2009) used spectral observations and found that members of the Datura family could be classified either Sk, Sq or even Q types. The affinity to Sq and Q sub-class is interesting as it may fit the young exposed surfaces of the family members. A detailed spectral observation of (1270) Datura itself by Takato (2008) revealed no spectral variations over a rotation cycle. Moreover, analysis of depth of the ~0.95 μm absorption band, indicating degree of space weathering, revealed an evolved surface similar to that of old S-type asteroids. This either implies that space weathering is a fast process (Vernazza et al. 2009), or it could also imply that the largest remnant in the family reaccumulated most of dust contained in the regolith of the parent body (see Polishook et al. 2014, for comparison). In the previous paper from our group (Vokrouhlický et al. 2009), we reported numerous photometric observations of the largest member (1270) Datura that allowed us to resolve its rotation state and shape. We found it rotates in a prograde sense with short rotation period P = 3.3581 h and two possible pole orientations (λ,β) = (60°,76°) or (λ,β) = (264°,77°) (ecliptic longitude and latitude). Since our photometric measurements were carefully calibrated in the Johnson-Cousins system, we obtained Datura’s absolute magnitude in V band H = 12.65 ± 0.05, in a very good agreement with H = 12.61 ± 0.12 reported by Wisniewski et al. (1997). This accurate measurement of Datura’s absolute magnitude helped us to improve its size and albedo measurements, D ≃ 8.2 km and pV ≃ 0.29, obtained during the post-cryogenic phase of the WISE spacecraft (see, Masiero et al. 2012), who used an uncertain absolute magnitude value 12.5 from the Minor Planet Center (MPC) catalog. This problem has been thoroughly analyzed by Pravec et al. (2012), who developed a correction procedure. Using their technique we find Datura’s size of ≃8.17 km and its geometric albedo slightly lower, pV = 0.24. Since no WISE measurements are available for fainter Datura-family members, we use this albedo value for them as well. 
In Vokrouhlický et al. (2009) we also reported observations of the second largest member in this family, (90265) 2003 CL5, for which we were able to determine a rough value of synodic rotation period of ≃23.42 h. Unfortunately, our data were too few to say more about rotation state of this asteroid. We also took advantage of improved orbital elements of Datura members and constrained its age to be between 450 and 600 kyr. More recently, Rosaev & Plavalova (2015) briefly analyzed updated orbital catalogs of asteroids and reported discovery of three new members in this family (compared to seven known previously,  Vokrouhlický et al. 2009). 
In this paper, we continue analyzing the Datura family by focusing on two aspects. First, in Sects. 2 to 4, we collect photometric observations of the largest members in this family (except for (1270) Datura that was analyzed in our previous study Vokrouhlický et al. 2009). For three cases, asteroids (90265) 2003 CL5, (60151) 1999 UZ6 and (89309) 2001 VN36, which are the second to fourth largest fragments in the family, we obtained enough data to resolve pole position and rough (convex) shape. In three other cases, our observations allowed us to determine synodic rotation period, giving us a fairly good knowledge of the rotational state of the largest members in the Datura family. Next, we conducted a search of new members in the family (Sect. 5). Our analyses, including orbital integrations in Sect. 5.1, reveal 17 members in the Datura family (plus 2 candidate objects, whose membership could be confirmed or rejected after their orbits become more accurate after their recovery). Finally, we combined this updated sample of Datura members with our-determined detection efficiency by Catalina Sky Survey and we derived constrains on the debiased size distribution of Datura-family asteroids (Sect. 6). Most importantly, we find that the total mass and angular momentum contained in all fragments smaller than (1270) Datura, the largest remnant in this family, are both negligible to that in (1270) Datura. In Sect. 7 we draw conclusions from our findings. 

        Table 1

             Aspect data for observations of (203370) 2001 WY35, (215619) 2003 SQ168, and 2002 RH292.

          

      
        Table 2

             Aspect data for observations of (90265) 2003 CL5.

          

      
        Table 3

             Aspect data for observations of (60151) 1999 UZ6.

          

      
        Table 4

             Aspect data for observations of (89309) 2001 VN36.

          

      2. Observations
We took photometric observations for five of the six largest secondaries with the 1.54-m Danish telescope (DK) on La Silla Observatory in Chile. The observations of (60151) 1999 UZ6 in 2009 were also obtained with the 1.05-m telescope on Pic du Midi (PdM) in France. The one night-run for 2002 RH291 was taken with the 4.3-m Discovery Channel Telescope (DCT) located forty miles southeast of Flagstaff at the Happy Jack site, Arizona. The individual runs and their observational circumstances are listed in Tables 1 to 4. The mid-time (UTC) of the run, rounded to the nearest tenths of day, is given in the first column. In the next five columns, its helio- and geocentric distances, solar phase angle and geocentric ecliptic longitude and latitude (equinox J2000) are given. The telescope used is specified in the last column, except for the 2008 observations of (90265) where the reference to Vokrouhlický et al. (2009) is given. A line with “L” is added in the cases where also sparse data from the Lowell photometric database were used for creating a convex shape model of the particular asteroid. Some of our results are summarized in Tables 5 and 6, while details are given in the text below. For five small members of the Datura family that were observed with DK154, we derived their mean absolute R magnitudes (HR). We converted them to the standard mean absolute V magnitude (H) using the measured or assumed V−R color index (Table 6). For derivation of the absolute magnitudes, we conservatively assumed the slope parameter G = 0.24 ± 0.11  that is the mean G for S and Q spectroscopic types (e.g., Warner et al. 2009). 
The observations with the 1.54-m Danish telescope were obtained using the Bessell R filter, with supplementary observations in the V filter for (89309) 2001 VN36 on November 18, 2014, for (90265) 2003 CL5 on December 17, 2015, and for (215619) 2003 SQ168 on November 7, 2013. The goal was to derive the color index V−R for these objects, and thus to determine the absolute magnitude H in visible band. The observations were calibrated in the Johnson-Cousins photometric system using Landolt (1992) standard stars with the absolute accuracy 0.01−0.015 mag. Integration times were 180 s and the telescope was tracked at half-apparent rate of the asteroid, providing star and asteroid images of the same profile in one frame. For the long period of (89309) 2001 VN36, we did not need to take continuous observations but we took a short series of typically four images a few times per night, depending also on scheduling constraints of our other asteroid observations we ran on the nights; we worked (89309) 2001 VN36 as a secondary target on most of the nights. We processed and reduced the data with our aperture photometry reduction software Aphot32. 
Five dense lightcurves of (60151) 1999 UZ6 from 2009 were obtained with the 1.05-m telescope equipped with L filter and THX 7863 CCD camera at Pic du Midi Observatory. Exposure times of 300 s in November and 400 s in December were used. After standard bias and flat-field correction with the ASTROL package (developped at IMCCE) the aperture photometry was carried out with the PHOTOM program included in the CCLR STARLINK package. 
Images of 2002 RH291 taken at DCT were obtained using the Large Monolithic Imager (LMI), which is a 6144 × 6160 CCD (Levine et al. 2012). The total field of view is 12.5′ × 12.5′ with a plate scale of 0.12′′/pixel (unbinned). Images were obtained using the 3 × 3 binning mode. In order to maximize the signal-to-noise ratio of the object, we used a broad-band VR-filter, and an integration time of 200 s. 
During our observing night, a series of bias and twilight flat fields were obtained to correct the images. We created a median bias and median flatfield. Target images were bias subtracted and flatfielded. Relative photometry using 25 reference stars was carried out using Daophot routines (Stetson 1987). More details about our data reduction and analysis are available in Thirouin et al. (2014, 2016). 

        Table 5

             Known rotation parameters from lightcurve observations of Datura family members.

          

      
        Table 6

             Color indexes from our observations of Datura family members.

          

      3. Rotation periods of Datura family members
We start discussing the case of three small asteroids for which our data were able to determine the synodic rotation period only. The observation circumstances for these objects are summarized in Table 1. 

        	[image: thumbnail]	Fig. 1
             Composite lightcurve of (203370) 2001 WY35 from 2014. The solid line is the fit fourth-order Fourier series representing the data.

          



      3.1. (203370) 2001 WY35
Four photometric runs of this asteroid were obtained from October 25 to 29, 2014. They revealed a large amplitude of the lightcurve of ≃1.6 mag and a synodic rotation period of 8.344 ± 0.003 h (Fig. 1). Therefore, the shape of the asteroid is rather elongated, though the large phase angle at the epoch of our observations (≃32°) may partly increase the lightcurve amplitude. 

          	[image: thumbnail]	Fig. 2
               Composite lightcurve of (215619) 2003 SQ168 from 2013. The solid line is the fit fifth-order Fourier series representing the data.

            



        
          	[image: thumbnail]	Fig. 3
               Composite lightcurve of (215619) 2003 SQ168 from 2015. The solid line is the fit second-order Fourier series showing that there is a low-amplitude signal for the period obtained from the 2013 data. The exact ligthcurve shape is not well revealed due to noisy 2015 observations that were taken close to the aphelion of the asteroid’s orbit (see Table 1).

            



        3.2. (215619) 2003 SQ168
The photometric data obtained from October 30 to November 9, 2013 revealed a low amplitude lightcurve. We analyzed these measurements using the standard Fourier series method (e.g., Harris et al. 1989; Pravec et al. 1996, 2000), and obtained an estimate for the synodic rotation period of 4.646 ± 0.001 h. A period twice as long, with twice as many maxima and minima per rotation, is less likely but cannot be ruled out at this moment. Composite lightcurve with the data folded with the derived period is presented in Fig. 2. In February 2015 we observed the asteroid near the aphelion of its orbit, as opposed to the 2013 observations that were taken near the orbit perihelion. As a result, the target was rather faint and the data had large photometric errors. Still, they indicate a low-amplitude lightcurve again and confirm the period derived from the 2013 observations (see Fig. 3). Given the low amplitude observed in two apparitions, the asteroid has likely a roundish, nearly spheroidal shape. This is a unique feature among the six observed members of the Datura family. 

          	[image: thumbnail]	Fig. 4
               Partial lightcurve of 2002 RH291 from July 8, 2015 observations. A high amplitude of 1.2 mag is revealed and a period about 5.3 h is suggested.

            



        3.3. 2002 RH291
We had a chance to observe this asteroid only during one night, on July 8, 2015, using the 4.3-m Discovery Channel Telescope operated by Lowell observatory near Flagstaff, Arizona. This provided only a limited dataset. Yet, the partial lightcurve was successfully reconstructed and it is shown in Fig. 4. It reveals a high amplitude of about 1.2 mag, indicating an elongated shape, like other four member of the Datura family (see Table 5 and text below). Assuming that the lightcurve is dominated by the second Fourier harmonic, which is a plausible assumption for its large amplitude (see, e.g., Harris et al. 2014), we estimate the rotation period to about 5.3 h with a relative uncertainty of 5−10%. More measurements are clearly needed to improve this value. 
4. Rotation poles of Datura family members
Next, we discuss the case of three large members in the family for which the dataset was rich enough to allow a more detailed characterization of the rotation state. Namely, we determine sidereal rotation period and constrain pole orientation, as well as a rough convex shape. 
4.1. Rotation pole and shape model for (90265) 2003 CL5
We used the available lighcurves listed in Table 2 to reconstruct the spin state and shape of asteroid (90265) 2003 CL5. To that goal we employed the inversion method of Kaasalainen et al. (2001). The data allowed to uniquely determine the sidereal rotation period P = (23.4153 ± 0.0002) h, however the pole direction was not well constrained. The formally best model has the pole direction (λ,β) = (11°,71°), but we found that all models with the ecliptic latitude of the pole β ≳ 50° provide a statistically acceptable fit to the data. The best-fit convex shape model is shown in Fig. 5. Although the model fits data well (see example lightcurves in Fig. 6), the real shape can be different from this convex approximation. In particular, we suspect the extreme elongation of our model may imply that (90265) 2003 CL5 could in fact be a recollapsed object consisting of two components in contact. We note that such a configuration could arise right at the formation event of the family as two escaping fragments get in touch, or later, when a formed binary undergoes instability and the satellite collapses on the primary. However, in order to resolve such details we would need observations at very high phase angles (that are in principle unavailable from the Earth for this main belt asteroid) or disk-resolved data to say more about the true and possibly non-convex shape of (90265) 2003 CL5 (e.g., Ďurech et al. 2015, and references therein for the corresponding methods). 

          	[image: thumbnail]	Fig. 5
               The convex shape model of (90265) 2003 CL5, corresponding to the formally best-fit pole orientation, shown from equatorial level (left and center, 90° apart) and pole-on (right).

            



        
          	[image: thumbnail]	Fig. 6
               Example lightcurves of (90265) 2003 CL5 (dots) shown with the synthetic lightcurves (solid curves) produced by the best-fit model in Fig. 5. The geometry is described by the aspect angle θ, the solar aspect angle θ0, and the solar phase angle α.

            



        One may wish to relate the pole orientation of (90265) 2003 CL5 to that of (1270) Datura more accurately, other than concluding the same sense of rotation and proximity of the formally best fit solution of (90265) 2003 CL5 and the pole P1 of (1270) Datura. For instance, we could question whether the current spin states may be used to say to which degree the initial spin orientation of the two asteroids was close to each other and try to draw conclusions from that. However, this is not possible also because of differential precession of the two poles and inherent uncertainty in their dynamics. In Vokrouhlický et al. (2009), we demonstrated that obliquity of (1270) Datura may take any value between ≃0° and ≃30° and the ecliptic longitude value cannot be deterministically inferred after ≃500 kyr of evolution since the origin of the family. In other words, pole orientation of (1270) Datura is entirely unpredictable within these bounds. This is because of two effects which both depend on dynamical ellipticity of the asteroid, a parameter that cannot be constrained better than to a ≃30% level: (i) precession due to solar gravitational torque in the orbital plane, and (ii) the obliquity oscillations due to a combined solar and orbital torques. Both effects have shorter periods than the estimated age of the Datura family (e.g., Vokrouhlický et al. 2006). The same is true for the spin dynamics of (60151) 1999 UZ6 and (89309) 2001 VN36 discussed in the next two sections. Thus even if the spin vectors of all these asteroids were initially perfectly collinear, they could be very different today and consistent with our-determined values. 

          	[image: thumbnail]	Fig. 7
               The shape model of (60151) 1999 UZ6 corresponding to the pole direction (λ,β) = (18°,56°) shown from equatorial level (left and center, 90° apart) and pole-on (right).

            



        
          	[image: thumbnail]	Fig. 8
               Example lightcurves of (60151) 1999 UZ6 (dots) shown with the synthetic lightcurves (solid curves) produced by the best-fit model in Fig. 7. The geometry is described by the aspect angle θ, the solar aspect angle θ0, and the solar phase angle α and corresponds to the pole direction (λ,β) = (18°,56°).

            



        4.2. Rotation pole and shape model for (60151) 1999 UZ6
As in the case of (90265) 2003 CL5, we used all available lightcurve observations (listed in Table 3) and applied the inversion methods to derive its spin orientation and shape model. Because the dataset was rather limited in this case – only eight lightcurves from three apparitions – we found it useful to complement the dense photometry with 147 sparse photometry observations from the Lowell Observatory photometric database (e.g., Bowell et al. 2011). The sparse data cover the time interval from 1998 to 2011, suitably extending the dense dataset. Despite their limited photometric quality (typical uncertainty of ≃0.2 mag), they helped to constrain the rotation period and the spin axis direction of (60151) 1999 UZ6. 
The global lightcurve inversion converged to two equally good solutions with the same rotation period P = (13.8836 ± 0.0001) h and pole directions (λ,β) = (18 ± 30°,56 ± 15°) or (179 ± 30°,86 ± 30°). The shape model corresponding to the first pole solution is shown in Fig. 7, while the observed and modeled lightcurves are compared in Fig. 8. The shape of (60151) 1999 UZ6 is rather elongated though not as extremely as in the case of (90265) 2003 CL5. We again find the rotation prograde. The same comment made for (90265) 2003 CL5 applies here: the initial near-collinearity of the spin axis of all largest members in the Datura family cannot be excluded nor proved from their current states. 

          	[image: thumbnail]	Fig. 9
               The shape model of (89309) 2001 VN36 corresponding to the pole direction (λ,β) = (66°,63°) shown from equatorial level (left and center, 90° apart) and pole-on (right).

            



        
          	[image: thumbnail]	Fig. 10
              Left: observed (blue) and modeled (red) data of (89309) 2001 VN36 shown as a function of the solar phase angle (abscissa, in degrees). Right: the residuals plotted with respect to the mean phase curve (dashed line).

            



        4.3. Rotation pole and shape model for (89309) 2001 VN36
We observed this asteroid in two apparitions: (i) during 20 nights from October 17 to November 11, 2014, and (ii) during 13 nights from February 8 to March 15, 2016 (see Table 4). While these data alone are not enough to determine rotation state and shape, they were initially very important to recognize the very long rotation period of this body. Their Fourier analysis revealed a single fundamental rotation period of about 73.2 h, with an uncertainty of about 0.2 h. For that reason we typically observed only two or three normal photometric points per night, which was sufficient to sample the lightcurve. In total, our observations consist of 81 calibrated photometric points in the R filter. By its character, this dataset resembles more sparse, rather than dense, photometry with very high accuracy: we estimate uncertainty of our normal points in the range of few hundreds magnitude only. Suitably, the 2014 observations cover large phase angles between ≃26° and ≃33°, while the 2016 observations were performed at complementary phases between ≃4° and ≃9°. 
In order to constrain the pole orientation, we again combined our observations with those from the Lowell Observatory photometric database (127 individual measurements taken in between 2001 and 2012). These are sparse data of typically much lower accuracy (individual uncertainty of ≃0.2 mag). From this combined dataset, we obtained a unique solution for the sidereal rotation period P = 73.145 ± 0.002 hr and two solutions for the pole direction: (λ,β) = (66°,63°) and (270°,57°). Our estimated uncertainty is ≃40° in ecliptic latitude and ≃20° in ecliptic longitude. The shape model corresponding to the first pole solution is shown in Fig. 9. Similarly to the case of (90265) 2003 CL5, the convex model we present is only an approximation of the real, likely non-convex, shape of this asteroid. However, the available data do not allow us to reveal any non-convex details at this moment. Because the rotation period of (89309) 2001 VN36 is very long, and the sampling of its lightcurves sparse, we show the observed and modeled data as a function of the solar phase angle (Fig. 10). The residuals of the fit (right panels) are plotted with respect to the mean phase curve that was modeled as a combination of a linear and exponential function (see, e.g., Kaasalainen et al. 2002). We assumed that the phase curve was the same for both the V and R filters. We note that the shift between the two phase curves gives the formal V−R color index of −0.31 mag, which is inconsistent with the previously mentioned value V−R = 0.47 ± 0.01 mag that we measured. However, this inconsistency (caused most likely by incorrect calibration of Lowell Observatory data) does not affect our results because only the internal calibration of each data set is important for the modeling. 
We find it very interesting that rotation of (89309) 2001 VN36, in spite of its long period, does not reveal any obvious signs of tumbling. This is because the available data can be fit with a model in which the body rotates about the shortest principal axis of the inertia tensor with a single sidereal rotation frequency. Consider, however, that the standard theory of the rotation wobble damping (e.g., Harris 1994; Sharma et al. 2005; Breiter et al. 2012; Pravec et al. 2014) would predict a characteristic de-excitation timescale of ≃6 Gyr (assuming μQ ≃ 1011, SI units, where μ is rigidity and Q quality factor). This is four orders of magnitude longer than the age of the Datura family. Either the degree of internal dissipation in (89309) 2001 VN36 is unusually large or, more likely, the body was formed by a gentle-enough process that did not excite the rotational wobble. A more exotic, third possibility would be assume that these elongated bodies are in fact re-collapsed binary systems by the binary YORP effect (e.g., Vokrouhlický et al. 2015). In this case, tides in the two components could possibly damp tumbling. The problem with this scenario though is the slow current rotation of these asteroids: re-collapsed binary would likely imply fast rotation and it is not clear what physical mechanism would slow it on a short timescale of the family age. 
While the case of (89309) 2001 VN36 is extreme in this sense, we note that the canonical de-excitation timescale for (90265) 2003 CL5 would be ≃150 Myr and that of (60151) 1999 UZ6 would be ≃30 Myr, both again far longer than the Datura-family age. Since the rotation of all these asteroids do not show any obvious signs of tumbling, we suppose their initial rotation state must have also been quite close to the rotation about the principal axis of the inertia tensor. We think that these are important clues about the formation process of the family (see also Sect. 7). 
5. Datura membership update
In order to obtain the current census of Datura-family members, we adopted the following multistep procedure. First, we searched candidates in the close vicinity of (1270) Datura orbit in the space of osculating orbital elements, obviously ignoring the mean longitude in orbit. This has left us with five orbital elements: semimajor axis a, eccentricity e, inclination I, longitude of node Ω and longitude of perihelion ϖ. We used asteroid orbits in the MPCORB catalog, provided by the Minor Planet Center, as of May 2016. Our criteria of orbital vicinity were simply a difference of osculating orbital elements with respect to (1270) Datura given by: | δa |  ≤ 0.03 au, | δe |  ≤ 0.03, | δI |  ≤ 0.2°, | δΩ |  ≤ 25° and | δϖ |  ≤ 25°. Such conditions are rather liberal, since previously reported members in Nesvorný et al. (2006b), Nesvorný & Vokrouhlický (2006) or Vokrouhlický et al. (2009) have differences of all orbital elements nearly an order of magnitude smaller than the chosen limits. Our motivation here was that small members, presumably discovered in the past few years, might have been initially ejected from Datura by larger relative velocity and thus be located farther from the central asteroid. 
With these criteria adopted, we found 50 asteroids in the vicinity of (1270) Datura. This obviously contains all six members discussed in Vokrouhlický et al. (2009) or nine members discussed in Rosaev & Plavalova (2015), but also 44 or 41 new candidates. In order to decide which of the additional asteroids in our sample are newly identified members of the Datura family, we adopted the following approach. We numerically integrated nominal orbits of all 50 candidate objects and (1270) Datura for 1.5 Myr backward in time. For sake of simplicity, we included only gravitational perturbations of planets in our simulations and used the well-tested swift software package1. The integration timestep was 3 days and we output orbital elements of all propagated asteroids every 5 years. We analyzed the behavior of secular angles Ω and ϖ, and determined whether they simultaneously converge to those of (1270) Datura for each of the 50 candidate asteroids. Our expected convergence epoch was about 500 kyr ago, the age of the family determined in Vokrouhlický et al. (2009), but because we used nominal orbits only we allowed ±250 kyr difference. As an independent information, we also downloaded a catalog of proper orbital elements from AstDyS website and computed distance δvprop of the candidate members from (1270) Datura using the standard metric. This was available for a sub-sample of our asteroids only, because proper elements are not available for uncertain orbits. We considered as potentially candidate members those bodies that had δvprop< 40 m s-1. This value is larger than the expected initial ejection velocity of kilometer-size Datura members, some 5−10 m s-1. However, Nesvorný & Vokrouhlický (2006) pointed out that the Datura family is very close to the M9/16 mean motion resonance with Mars. In fact, one of the previously known members – (89309) 2001 VN36 – was already shown to reside in this resonance. For this reason its formal distance from (1270) Datura in proper element space is δvprop ≃ 20 m s-1 (see also below). 
Combining the two aforementioned methods, we found that 16 asteroids in our sample satisfy conditions for Datura-family membership. This nearly triples number of family members from Vokrouhlický et al. (2009) and doubles that from Rosaev & Plavalova (2015). All bodies are listed in the Table 7. In addition, we also found two single-opposition asteroids 2015 DY94 and 2015 PQ47 whose orbits are too uncertain to clearly decide about their membership. Their future recovery will reveal this information, but at this moment we exclude them from our further analysis. As expected, all new members are small, sub-kilometer asteroids discovered in the past five years or so. The smallest may have size of only ≃400 m. 
Figure 11 shows Datura members for which the AstDyS site provided proper element values projected onto planes of proper semimajor axis vs proper sine of inclination and proper semimajor axis vs proper eccentricity. Obviously, asteroids residing on single-opposition orbits, or loosely constrained multi-opposition orbits, are not included in this plot. Six members are located very close to (1270) Datura at formal distance δvprop< 4 m s-1. This is expected for family members. Four other members have δvprop ≥ 12 m s-1, more than the estimated escape velocity from the parent body of the family. The reason for this peculiarity is also shown in Fig. 11, where we plotted the approximate location of the M9/16 mean motion resonance with Mars. Three Datura members, 89309, 433382, and 2009 VS116, are currently located in this resonance and their proper eccentricity and inclination slowly diffuse to larger values. We note that the typical uncertainty in proper semimajor axis values is very small. It only becomes significant when the asteroids are located in the M9/16 resonance. One member, 452713, even appears to jump over this resonance, accumulating a large perturbation in proper elements. This body has δvprop ≃ 40 m s-1 distance from (1270) Datura. The convergence of secular angles to (1270) Datura in our numerical simulation backward in time, however, give us a confidence that this asteroid is a true member of the family. 

        
        	[image: thumbnail]	Fig. 11
             Datura family members with proper orbital elements determined by the AstDyS database projected onto two-dimensional planes of proper semimajor axis vs. proper sine of inclination (top), and proper semimajor axis vs. proper eccentricity (bottom). Formal one sigma uncertainties are shown by error bars. The large diamond symbol shows the largest family member (1270) Datura. The dashed ellipse shows orbits at 6 m s-1 distance from (1270) Datura and ω + f = 30° and f = 40° at the moment of family formation (ω is argument of perihelion and f is the true anomaly). The gray interval of semimajor axis values approximately delimits the zone of the M9/16 mean motion resonance with Mars. Some Datura members, 433382, 89309 and 2009 VS116 from bottom to top, reside in this resonance. One asteroid, 452713, appears to jump over this resonance and resides on the extreme right of the plot. All these members have formally large distance δvprop> 12 m s-1 distance to (1270) Datura in the standard metric of the proper element space.

          



      An outstanding feature of the proper eccentricity and sine of inclination values of all Datura members is their large formal uncertainty (about 0.0015 for eprop and 0.001 for sinIprop). This is larger than for typical stable orbits in the asteroid main belt. We found this effect is caused by proximity of the z2 secular resonance to the Datura family. Indeed, for (1270) Datura itself one has 2(g−g6) + s−s6 ≃ 0.6 arcsec yr-1, where (s,g) are proper node and perihelion frequencies and (s6,g6) are the secular planetary values (characterizing Saturn’s nodal and perihelion orbital precession frequencies). A similar value holds for other Datura-family members. We verified by direct numerical integration of Datura’s orbit that the resonant angle 2(ϖ−ϖ6) + Ω−Ω6 slowly circulates with a period of about 2.1 Myr. This indicates proximity of the secular resonance. Consequently, the orbital eccentricity and inclination show long-term oscillations with this period and this effect makes determination of their proper values uncertain. The z2 resonance is rather weak, such that its width is only ≃0.2−0.3 arcsec yr-1 in the Datura zone (e.g., Milani & Knežević 1994; Carruba et al. 2016a). 

        	[image: thumbnail]	Fig. 12
             Correlation between osculating longitude of node Ω (abscissa) and longitude of perihelion ϖ (ordinate) for Datura members. Large diamond is (1270) Datura, black symbols are for multi-opposition members and gray symbols are for single-opposition members. Formal one sigma uncertainty of Ω and ϖ are shown by error-bars, often smaller than the symbols. The open symbols are for asteroids 2015 DY94 (left) and 2015 PQ47 (right) whose orbits are very uncertain at this moment. The dashed line has a slope ≃−0.5. Asteroids with negative difference ΔΩ with respect to (1270) Datura have larger value of the proper semimajor axis and vice versa. Those with ΔΩ approximately in between −12° and −5° are captured in the M9/16 mean motion resonance with Mars.

          



      In order to confirm the membership of small asteroids in the Datura family, especially for those residing on badly constrained orbits for which we do not have proper elements computed, we performed the following test. In Fig. 12 we plot the current osculating values of the secular angles Ω and ϖ. It has been observed already by Rosaev & Plavalova (2015) that their values are correlated. Indeed, data for all 17 Datura members from Table 7 indicate a nearly linear correlation between Ω and ϖ with a negative slope of ≃−0.5. This result can be understood using the following argument. The relative difference in longitude of node ΔΩ with respect to (1270) Datura can be approximated for any other member of the family by [image: equation](1)a similar relation holds also for longitude of perihelion Δϖ with the s frequency interchanged by the g frequency. The three terms in the right hand side of Eq. (1) have the following meaning: (i) ΔΩ0 is the initial nodal difference at the epoch of family formation due to ejection velocity field; (ii) the second term expresses differential node precession due to the proper-frequency s dependence on the semimajor axis a, Δaprop,0 is the initial difference in proper a values of the asteroid and (1270) Datura and T is the age of the family; and (iii) the third term is similar to the second term, but accounts for a linear change ȧprop in proper semimajor axis due to the Yarkovsky effect. Formulation in Eq. (1) neglects short-term variations in semimajor axis and other than proper frequency in precession of node and pericenter. While inexact, this approximation is acceptable for our general argument. 

        Table 7

             Equinoctial orbital elements, and their uncertainty, of the Datura family members as of epoch MJD 57 400.0.

          

      All terms in Eq. (1) contribute to the observed nodal and perihelion differences at the current epoch. However, we find the second term presently dominates, which helps to explain the linear correlation between the Ω and ϖ values in Fig. 12. First, we find that the effect of initial nodal dispersion should be very small. Using Eqs. (5) and (6) in Nesvorný & Vokrouhlický (2006) we have, for instance, ΔΩ0 ≃ V/ (VorbsinIprop), where V ≃ 6 m s-1 is the characteristic ejection velocity of the family members Vorb ≃ 20 km s-1, and sinIprop ≃ 0.09 is the proper sine of inclination. Using these numerical values we obtain ΔΩ0 ≃ 0.2°, much less then observed. In order to estimate maximum contribution of the second term, we use (∂s/∂a) ≃ −38 arcsec yr-1 au-1 appropriate for Datura family location, Δaprop,0 ≃ 0.001 au (see Fig. 11) and T ≃ 0.5 Myr (e.g., Vokrouhlický et al. 2009). These values imply the second term in Eq. (1) could be approximately up to ≃7° large. This is the right order of magnitude observed in Fig. 12. As to the last term, we note that sub-kilometer size observed Datura members may have ȧprop ≃ 5 × 10-4 au Myr-1 (e.g., Bottke et al. 2006; Vokrouhlický et al. 2015) or smaller, which implies the third term in Eq. (1) may be approximately ≃0.7°, about an order of magnitude smaller than the second term, but already larger than the first term. Because nodal longitude drifts in a retrograde sense, while perihelion longitude in a prograde sense, and because the value of the drift is larger for larger semimajor axis, one readily obtains the linear relationship between Ω and ϖ with a negative slope and Datura members with Δaprop,0> 0 having smaller Ω values (see Fig. 12). In the approximation of zero eccentricities and inclinations (linear theory of secular dynamics), one would have s and g frequencies exactly equal and the slope in Fig. 12 would be −1. The observed value ≃−0.5 is different. We believe this is due to a combination of two effects: (i) eccentricity and inclination of Datura-family orbits are non-zero, such that non-linear corrections change their values; and (ii) s and g frequencies depend not only on the semimajor axis; but also the eccentricity and inclination values. The latter effect is perhaps more important. Figure 11 shows that Datura members indeed have slightly different eprop and sinIprop values in correlation with their aprop. This should change the Ω vs. ϖ correlation slope enough, to explain the observed value. 
Finally, we wanted to make sure that no further, more distant members of the Datura family were overlooked in our analysis. We thus repeated our initial search of Datura-family candidates in a larger box around (1270) Datura in the space of osculating orbital elements. In this case we used: | δa |  ≤ 0.04 au, | δe |  ≤ 0.04, | δI |  ≤ 0.3°, | δΩ |  ≤ 35° and | δϖ |  ≤ 35°. With these parameters we obtained 148 potential family candidates. This sample contained 50 candidates from the smaller box analyzed above, and 98 new, more distant asteroids. We numerically integrated their nominal orbits backward in time and analyzed, whether they converge to (1270) Datura or not. When available, we also downloaded their proper orbital elements from AstDyS site and computed distance from (1270) Datura using standard metric. Both tests showed that none of the new 98 asteroids is a member of Datura family. Therefore we conclude that the list provided by Table 7 is complete as of May 2016. 
5.1. Past convergence of Datura members
While it is not our intention to revise the approximate age of the Datura family from Vokrouhlický et al. (2009) in this paper, we substantiate our analysis from the previous Section by proving the convergence of the Datura members, including some of the newly discovered here, to (1270) Datura. In particular, we used all multi-opposition asteroids listed in Table 7. We thus excluded only the single-opposition asteroids from our analysis, because their orbits are presently too uncertain and not suitable for our work. We used the general methodology and tools described in Nesvorný & Vokrouhlický (2006). 
Each asteroid is represented by a certain number of clone variants which differ by (i) the initial orbital conditions at the MJD epoch 57 400.0; and (ii) the strength of the Yarkovsky effect. As to the first class (i), we used orbital elements listed in Table 7 and made the clones sample the six-dimensional hyper-ellipsoid of the initial data uncertainty using the full covariance matrix of the orbital fit. The latter was obtained for each of the asteroids from the AstDyS site. We used 31 clones for (1270) Datura, and 51 clones for other asteroids. As to the second class (ii), we estimated minimum and maximum strength of the Yarkovsky effect using the analytic formulation in Vokrouhlický (1999). For the largest four asteroids, (1270) Datura, (90265) 2003 CL5, (60151) 1999 UZ6 and (89309) 2001 VN36, we could set minimum Yarkovsky drift of the semimajor axis (da/ dt)min = 0. This is because we proved that their rotation is prograde and thus the obliquity smaller than 90°. In the case of smaller objects, we must account for both negative and positive drift-rates in some maximum limits (da/ dt)max. This value is ≃2 × 10-4 au Myr-1 for a kilometer-size asteroid in the Datura heliocentric distance (e.g., Bottke et al. 2006). For objects of a different sizes D, we use the standard scaling (da/ dt)max ∝ 1 /D. The sizes were estimated from the absolute magnitudes and an albedo pV ≃ 0.24 of (1270) Datura (Sect. 1). We used 16 Yarkovsky clones for (1270) Datura, and 51 clones for other asteroids. The overall fewer number of clone variants for (1270) Datura is justified by its most accurate orbits and, especially, smallest strength of the Yarkovsky effect. 
We used the software package swift for integration of Solar system bodies with our own modifications to account for the non-conservative Yarkovsky effect (see, e.g., Nesvorný & Vokrouhlický 2006). Planetary orbits, Mercury through Neptune, at the initial epoch of our simulation were taken from the JPL ephemerides DE405. The integration timestep was 5 days, and we carried the simulation to 1 Myr to the past. We output the state vectors of all integrated bodies, planets and asteroids, every 3 yr for further analysis. At this stage, we read the state vectors of all bodies at each of the output epochs and consider 106 combinations (identifications) between the clone variants of each asteroid and those of (1270) Datura. For simplicity, we relate here the family members to the largest remnant only and do not run identifications of the clone variants of the smaller members between each other. For the chosen pairs of clones in the million trials, we evaluate a distance using two metrics. 

          	[image: thumbnail]	Fig. 13
               Convergence of secular angles Ω and ϖ of Datura members to the largest fragment (1270) Datura. The histograms show number of converging trials in the past regrouped into 10 kyr bins: (i) light gray for a cut-off limit δV< 5 m s-1; (ii) the dark gray for a cut-off limit δV< 2 m s-1. Each time the histograms were normalized to unity for the first case. Left and middle columns for asteroids on stable orbits away from the M9/16 mean motion resonance. The right column for objects that either currently reside in this resonance (89309, 433382 and 2009 VS116), or the extreme member that jumped over this resonance (452713).

            



        
          	[image: thumbnail]	Fig. 14
               Same as in Fig. 13, but now using the second of our convergence criteria. In this case we monitored distance of the (1270) Datura clones from those of family members in Cartesian space and in the same time evaluated their relative velocity. When both quantities became smaller than chosen threshold values, ideally the estimated radius of the Hill sphere of Datura-family parent body and its escape velocity, we considered the configuration converging. The light gray histograms show normalized appearance of converging cases in 10 kyr bins for distance limit of 5000 km and the velocity limit of 10 m s-1. The dark gray cases have instead 2500 km and 5 m s-1 limits.

            



        First, we consider the secular angles only: longitude of node Ω and longitude of perihelion ϖ. As discussed in Sect. 5, the initial spread ΔΩ0 and Δϖ0 should be much smaller than today (see Eq. (1) and Fig. 12), on the level of ≃0.1°−0.2°. We can thus use convergence of differences of the secular angles of a particular family member and those of (1270) Datura δΩ and δϖ to the ΔΩ0 and Δϖ0 level as a tracer for possible epoch at which the family was formed. However, instead of using the two elements separately, we follow tradition and combine them to a target function [image: equation](2)Here, na is roughly the mean orbital velocity of asteroids in the Datura zone, ≃20 km s-1, I and e are inclination and eccentricity values. The relative weight coefficients of the two terms on the right hand side of Eq. (2) arises from randomization of the mean longitude in orbit at which we consider encounter of the two asteroids. The multiplication factor na in Eq. (2) makes the target function δV a velocity and offers naturally a possibility to set a criterion of convergence. This is because we know the initial ejection velocities of fragments should be of the order of escape velocity Vesc from the parent body of the family. Using Vesc ≃ 0.6 Dpar in meters per second from Pravec et al. (2010; supplementary materials), and estimating Dpar ≃ 8.3 km (consider (1270) Datura’s estimated size from Sect. 1 and results in Sect. 6), we obtain Vesc ≃ 5 m s-1. 
Our second method, is more ambitious, and seeks convergence of the two bodies – clone variants of any of the chosen Datura-family members and those of (1270) Datura – in Cartesian space. This represents conditions right after family formation more accurately than just the secular-angles monitoring in our first method. In quantitative terms, we would like to bring the asteroids into nearly a single point in space, but orbital chaoticity, possible incompleteness of our dynamical model and finite number of clone variants we use prevent such a precise result. Instead, we are content with somewhat weaker condition, notably bringing the asteroids into a distance comparable with the Hill sphere RHill of the parent body. Using again RHill ≃ 90 aDpar in kilometers from Pravec et al. (2010), we estimate RHill ≃ 1700 km. 
Figure 13 shows results of our first method based on convergence of secular angles. Each of the panels corresponds to one of multi-opposition asteroids listed in Table 7. The right column is for Datura members residing in (or beyond) the M9/16 mean motion resonance. Chaotic dynamics associated with location in the resonance, and in particular transition through the separatrix of the resonance, could make our effort of convergence of the orbits difficult to achieve with the limited number of clones. Indeed, this is observed especially for the last two asteroids, 2009 VS116 and (452713) 2005 YP136 (which is located even beyond the M9/16 resonance). The dashed vertical lines indicate the uncertainty interval of Datura age inferred from integrations in Vokrouhlický et al. (2009). Indeed, this interval is at intersection of possible convergence solution of the most accurate and reliable orbits in the left and middle columns. Most importantly, we verified that all multi-opposition asteroids, including the newly discovered in this paper, do have convergence solutions compatible with the age of the family. 
Figure 14 shows results of our second method based on convergence in Cartesian space. Admitting slight inaccuracy of the dynamical model, chaoticity of the orbital evolution, limited number of clone variants and 3 yr sampling of the convergence conditions we contended ourselves with somewhat softer criteria. Therefore, the light gray histograms assume relative distance and velocity limits of 5000 km and 10 m s-1, while the dark gray histograms are for 2500 km and 5 m s-1. In general, the solution corresponds very well to that in Fig. 13, indicating again a possibility to find convergent solutions to (1270) Datura even with this straightened criterion. This gives us high confidence that the suggested asteroids are real members of the Datura family. 
6. Constraints on Datura-family population
We now take the advantage of a significant increase in Datura population from Sect. 5, and we try to constrain the true, debiased population of this family. In order to do that, we need a connection between the true and the observed Datura populations. This is provided by the detection efficiency Be, such that the number dn(H) of observed (known) Datura members in the magnitude range (H,H + dH) is related to their true number dN(H) via: dn(H) = Be dN(H). Unsurprisingly, Be is primarily a function of asteroid absolute magnitude H, such that Be ≃ 1 for bright asteroids and becomes zero for faint objects. Obviously, Be also depends on heliocentric orbital elements, which in our case we shall adjust to those of Datura family members. A few details about our determination of Be is given in Sect. 6.1. 

        	[image: thumbnail]	Fig. 15
             Detection efficiency function Be characterizing performance of the two stations at Catalina Sky Survey: the 1.5-m Mt. Lemmon telescope (code G96) and 0.8-m Catalina telescope (code 703). The smaller of the two covers larger area of the sky, allowing a nearly complete census of brighter members in the Datura family. The detection efficiency drops below 0.5 at ≃16.8 mag, mainly due to performance of station 703. The non-negligible detection-efficiency tail to fainter objects of a magnitude up to 20 is due to observations of the larger, Mt. Lemmon telescope. Because the station G96 searches a smaller sky area near ecliptic, it could miss some orbits and the efficiency stays below 0.2 value. The gray arrow indicates a range of sub-kilometer size asteroids for assumed albedo pV = 0.24.

          



      6.1. CSS detection efficiency
The currently known population of asteroids represents a heterogeneous sample of bodies, each of which was discovered and/or detected by numerous surveys (e.g., Jedicke et al. 2015). Each of these surveys is equipped by different instruments, has a different observing strategy and maintains information about their performance at different level of public availability. For that reason, it is difficult to determine a unique detection efficiency Be that would be applicable globally to the whole dataset of asteroid observations. Instead, one has to restrict to one, well-understood survey for which all factors that may influence Be are available and could be properly modeled. In our case, we choose Catalina Sky Survey 2 (CSS) for which Be has been carefully studied and already successfully applied (e.g., Granvik et al. 2016). 
The CSS has incorporated up to three telescopes in its asteroid survey network but only two of those telescopes provided the vast majority of asteroid discoveries − sites 703 and G96, both located near Tuscon, Arizona, USA. The two telescopes are complementary in the sense that the former small telescope surveys “wide and shallow” while the latter surveys “narrow and deep”. 
We calculated the bias efficiency for Datura family members detected by the CSS using the technique described by Jedicke et al. (2016) with two modifications for this work. Their technique describes the calculation of a “bias correction” which is the sum of the orbital element detection efficiencies weighted by the true population distribution ([image: equation] where j is a survey field index referring to either of the two CSS telescopes) and is applied to an observed population of objects that may include multiple detections. The method analytically determines the range of orbit elements for objects that could appear in a survey’s field of view and then calculates whether that particular object would actually be detected in the field (e.g., brighter than the system limiting magnitude and moving slower than the maximum detectable rate of motion). Our implementation in this work uses the “bias efficiency” [image: equation](3)that is always in the range [0,1] and is applied to a population of unique objects detected by a survey. In addition, we restricted the efficiency determination in orbit element space to the range of elements occupied by Datura family members since they are characterized by nearly identical (a,e,I) and a limited range in (Ω,ω). Specifically, Be was calculated for (a,e,I) = (2.24 au,0.21,5.99°) and only for the ranges 85.78° < Ω < 107.30° and 244.91° <ω< 277.38°, resulting in the absolute efficiency for detecting asteroids in that orbital element range. The application of the technique to debiasing the Datura size distribution requires the assumption that the members are randomly distributed in mean anomaly but this is reasonable because the Keplerian shear and Yarkovsky effect operates on a timescale orders of magnitude shorter than the age of the family. 
The resulting efficiency as a function of absolute magnitude (Fig. 15) suggests that there are no undiscovered Datura members larger than about H ≃ 15 mag (diameters D of about 2.7 km), because at least one of the two CSS telescopes would have detected the object by now. The survey detection efficiency drops to zero at about H ≃ 20 mag (D ≃ 0.27 km), just smaller than the smallest known Datura member detected by the CSS. 

          Table 8

               Datura family members detected by CSS.

            

        6.2. Debiased Datura-family population
Since we have available the detection efficiency for the CSS operations in between 2005 and 2012, we can only use a sample of asteroids that were detected by this survey in the quoted time interval. Table 8 thus lists Datura-family members, except the largest fragment (1270) Datura, that were detected by either of the two CSS stations from 2005 through 2012. Compared to the whole set of members given in Table 7, we note that three single-opposition objects were not observed by CSS: 2003 UD112, 2006 SY376 and 2014 OE206. All of these cases are understandable: (i) the first and the last were detected in 2003 and 2014, outside the interval of time for which we have evaluated the CSS detection efficiency; and (ii) 2006 SY376 is just too faint. Hence, we must exclude these three bodies from the analysis in this Section. It may appear peculiar that 2014 OA86 is on our list, but we note this object has several precovery observations in September and November 2011 by G96. As a result, it is a valid object for our work. The same remark applies also to (433382) 2013 ST71. 

          	[image: thumbnail]	Fig. 16
               Two examples of a satisfactory fit of the observed (gray line and symbols) and modeled (black line and symbols) populations of the Datura family (we show the population except for the largest fragment (1270) Datura). The unbiased, source population shown by the dashed line is assumed to have two power-law segments with cumulative exponents α (large sizes) and β (small sizes) and a break at Dbreak. In the two cases we have: (i) α = 5.36, β = 2.11 and Dbreak = 1.08 km (top); and (ii) α = 9.50, β = 2.09 and Dbreak = 1.24 km (bottom). The source population is transformed to the modeled population by the CSS detection efficiency function from Fig. 15. The magnitude-size relation assumes geometric albedo pV = 0.24, and the error bars of the observed population are from the magnitude uncertainties in Table 8. The smallest sizes denoted by the light-gray region are heavily biased against detection: B< 0.05 in this case.

            



        The first five objects on our list have been carefully observed and results were reported in Sect. 2. This allowed us to determine H with small uncertainty. However, the remaining objects were too faint and we were not able to observe them. In their case we adopted the following strategy. First, we note that our accurate H for brighter Datura objects are systematically larger than the magnitude values reported by Minor Planet Center (MPC) by 0.34 ± 0.05. This is a well understood mismatch discussed by Pravec et al. (2012). We assumed this correction applies also for fainter Datura members. Therefore the H values reported in Table 8 for these smaller objects (starting from 2002 RH291 on) are the MPC values augmented by 0.3. We also assigned an uncertainty of 0.25 to these values. This is the observed scatter of MPC H values in this size range (see Table 3 of Pravec et al. 2012). 
Next, we need to characterize the true, unbiased population of Datura members. While we could use magnitude distribution as our fundamental quantity, conforming to the bias dependence on H, we opted to use size D distribution. This is a more traditional description of populations of fragments in asteroid families (e.g., Masiero et al. 2013, 2015; Nesvorný et al. 2015). In order to relate sizes D to magnitudes H, we use the conventional functional form D = 1329 × 10− 0.2H/[image: equation] (e.g., Pravec & Harris 2007) with pV = 0.24 (Sect. 1). 
We first attempted to use a single power-law distribution model for sizes of Datura members. However, we could not find any satisfactory solution for the power-law exponent and normalization that would relate this simplest template distribution to the observed population using the CSS detection efficiency from Sect. 6.1. Clearly, we need a slightly more complex model. Therefore, we next assumed a broken power-law size distribution. This is a composition of two power-law distributions of different slopes, α and β, joined at a size Dbreak that we call a break-point. In practice, we use a discrete model similar to that of Kresák (1977). This means that for D>Dbreak we set the fragment sizes Di equal to [image: equation](4)where i = 1,2,3,... are positive integers and D1 is the largest fragment; α is therefore a slope of cumulative size distribution. We apply Eq. (4) until Di is smaller than Dbreak. From then on we keep increasing the index i, but use [image: equation](5)with a recalibrated [image: equation](6)This is the assumed small-size segment of Datura members characterized by a cumulative size distribution exponent β. 
Taken straight, our model for the unbiased Datura population depends on four parameters: (i) (Dbreak;α,β) for the break-point size and the two exponents; and (ii) D1 the size of the largest fragment. While the former parameters determine the shape of the size distribution, the latter sets the normalization. Obviously, in practice we also have to assume some minimum size Dmin of the fragments. This is because the available data do not allow constraining the size distribution of Datura’s too small fragments. We set D1 equal to the size of the second largest known asteroid in the family, namely (90265) 2003 CL5. This nominally implies D1 = 1.49 km. In fact, we postulate that 2003 CL5 is truly the second largest fragment in the Datura family. We note that the CSS detection efficiency of bodies of its magnitude is ≃0.81 (Fig. 15). Therefore the chances that CSS, but also numerous other surveys, would have missed an asteroid larger than 2003 CL5 are very small. Indeed, all six largest asteroids in the family were discovered before 2003 (Table 8). The nominal size of the smallest asteroid in the sample detected by CSS is 0.41 km (2006 SD382). With δH ≃ 0.25, the formal (one sigma) uncertainty interval would be 0.37−0.46 km. We thus decided to take Dmin = 0.2 km. 
Before we run a more systematic search of satisfactory solutions in our parametric space, we explain our procedure and show two nice examples in Fig. 16. The data from Table 8 are shown in gray. This is the target quantity for us. Our modeling effort starts with choosing a set (Dbreak;α,β) parameters. The corresponding synthetic Datura populations are shown by the dashed line. They, in fact, consist of a discrete set of typically tens to hundreds of test asteroids in our size limits D1 and Dmin generated by Eqs. (4) and (5). For each of the synthetic family-member of size Di we have the CSS detection efficiency Bi available. We take a Monte Carlo approach by drawing a random variate r: if r<Bi we consider the synthetic asteroid to be detected by CSS. This way we construct a set of synthetic, CSS-observed Datura family, which is to be compared to the observed family members in Table 8. To quantitatively evaluate the comparison between the modeled, biased Datura family and the observed one we: (i) impose that the two sets have the same number of asteroids (13 in our case); and (ii) run the Komogorov-Smirnov (KS) test of equality of the two distributions. We use numerical implementation in Press et al. (2007). Our accepted models have KS distance dKS< 0.1, which turns out to imply >99% likelihood of match between the simulated and observed families. 
Both examples shown in Fig. 16 pass these tests. Nevertheless, we note that the inferred unbiased size distributions are quite different: the one on the top has much shallower α exponent, but smaller Dbreak value, which compensates the opposite trend in the one at the bottom. Already these two examples indicate that the currently available data will not be able to strongly constrain parameters of Datura’s size distribution function, except for general trends. For instance, α>β for all successful solutions. The steepness of α is needed to match the largest observed members, which shallowness of β is needed to explain paucity of known Datura members below ≃0.4 km in size. We note that our Dmin = 0.2 km is quite smaller than the smallest modeled body of typically 0.37−0.42 km size. This is only possible because of very small Be values for small sizes and not steeply increasing true population of Datura members (recall that Be becomes zero only at ≃0.27 km). 

          	[image: thumbnail]	Fig. 17
               Best-fit parameter sets (Dbreak;α,β) projected onto two dimensional planes: (i) Dbreak vs. α (top and left); (ii) Dbreak vs. β (bottom and left); and (iii) α vs. β (bottom and right). Symbols correspond to parameters that provided matches with the Kolmogorov-Smirnov distance dKS< 0.1 between the observed and modeled (biased) populations of Datura fragments.

            



        We conducted a systematic search of successful solutions in the parametric space (Dbreak;α,β) with the following interval of values: (i) Dbreak ∈ (Dmin,D1); (ii) α ∈ (3,13); and (iii) β ∈ (0,3.5). Each of the parameters was represented by a grid of 1501 values, making altogether >3.375 × 109 combinations. For each of these combinations we also created 50 realizations of sizes of the observed Datura members based on the nominal H values and their uncertainty reported in Table 8. In each of these cases we have slightly different size of (90265) 2003 CL5 which individually sets D1 in that run. This brings us to more than 1.68 × 1011 simulations. 
Figure 17 shows the combinations of successful solutions projected onto two dimensional sub-spaces in (Dbreak;α,β). None of the parameters is well constrained and many combinations could lead to a good match of the data. This is because the available dataset is still rather limited. As mentioned above, only general trends can be observed: for instance, larger Dbreak values may support quite steep α solutions, but when Dbreak becomes smaller this must be compensated by shallower β (to prevent over-prediction of number of detected asteroids). 

          	[image: thumbnail]	Fig. 18
              Left: correlated values of angular momentum vs mass content in Datura fragments (except for 1270 Datura) normalized by the angular momentum and mass of (1270) Datura. Symbols correspond to successful fits from Fig. 17. The shaded histograms on the top and on the right are one dimensional distributions of the respective quantity. Right: the same as on the left, but now showing true (debiased) number N500 of Datura-family fragments larger than 500 m vs number N200 of Datura-family fragments larger than 200 m in size. Magnitude-size transformation assumes albedo pV = 0.24.

            



        While details of the size distribution of Datura members cannot be presently constrained, some global parameters of interest can be evaluated. For instance, one can estimate total mass in the fragments mfragments and compare it with the total mass of the largest remnant (1270) Datura mDatura. Assuming constant and all-equal bulk density, we have [image: equation](7)where the summation in the numerator of the right hand side runs over all modeled Datura members. Obviously, we are only able to characterize the population down to the smallest size Dmin. However, because the β values are nearly always smaller than the critical limit 3 (for which mass in the population will start being dominated by small members), this limitation does not influence our results. 
Similarly, we are interested in rotational angular momentum content in the fragments Lfragments compared to that of (1270) Datura LDatura. Their ratio can be estimated as [image: equation](8)where ωi are angular frequency of rotation of the ith fragment. For simplicity we use spherical approximation for the fragments, but we believe our general conclusions are not changed even if more involved approximations is adopted. From Vokrouhlický et al. (2009) and Sect. 3 we know ωDatura and ωi for the largest fragments, but we do not know their value for small members in the Datura family. As we want to probe maximum possible Lfragments, we shall assume all fragments with unknown rotation state have a period of 2 h, and correspondingly maximum value of ωi. 
Figure 18 shows the results. On the left we give Lfragments/LDatura vs. mfragments/mDatura. Each datapoint corresponds to one of the successful fits from Fig. 17. Interestingly, both values are much smaller than unity, with the following statistical values: mfragments/mDatura = 0.045 ± 0.009 and Lfragments/LDatura = (1.03 ± 0.33) × 10-3. Therefore nominally, Datura-forming event should be classified as a cratering (e.g., Durda et al. 2007). Additional circumstance here is that the largest remnant holds not only most of the mass of the parent body, but it also retained most of its angular momentum. Obviously, we were able to evaluate only the rotational component of the angular momentum. There was also orbital part of the angular momentum of escaping ejecta in the family forming event that cannot be constraint by our data. Here we assume that, as a rule of thumb, this part was comparable to the rotational part. 
Another information of observational interest that can be inferred from our simulation is the true number of Datura members above some size limit. As an example we used results from Fig. 17 and for each of the successful model evaluated number N500 of family-members larger than 500 m and number N200 of family-members larger than 200 m. The right panel of Fig. 18 shows our estimates, or in quantitative terms N500 = 45 ± 12 and N200 = 304 ± 164. 
7. Discussion and conclusions
The results presented in this paper may offer an important constrain on the formation model of the Datura family, and perhaps also other families of the similar size category. For instance, we observed that several of the largest members, except for (1270) Datura, have a slow rotation and a very elongated shape. Additionally, in the three cases discussed in Sects. 4.1 to 4.3 we found a similar orientation of the rotation pole to the largest fragment (1270) Datura. Convex shapes of (90265) 2003 CL5 and (89309) 2001 VN36 are extremely elongated and we suspect the true nature of these bodies may consist of two components resting on each other, perhaps as a result of a faked binary at the moment of family formation. We also note that (215619) 2003 SQ168 is the only exception among our observed sample of small Datura members, since it has rather fast rotation and low amplitude of the lightcurve (likely near-spherical shape). In the same time, this asteroid resides on an orbit that most closely resembles that of (1270) Datura. For that reason Vokrouhlický & Nesvorný (2008) even considered them a separate pair of objects. A successful formation scenario of the Datura family must satisfy all these results emerging from observation of individual Datura members. 
Additionally, our analysis provides also an important population-wise constraint. This is because, compared to classical asteroid families, the debiased distribution of fragments in the Datura family, as derived in Sect. 6, is rather shallow. Compare it, for instance, with the steep size distribution of the somewhat older Karin family (e.g., Nesvorný et al. 2006a). In quantitative terms we note that we have basically two solutions for Datura’s size distribution (see Figs. 16 and 17): (i) either a steep leg at large sizes is very brief and Dbreak ≥ 1 km, followed with very shallow β in the range ≃(1−3); or (ii) there is more extended single power-law leg at large sizes and Dbreak ≤ 0.66 km, but then α ≤ 5 followed by very shallow β ≤ 2. In Karin, the size distribution of fragments smaller than (832) Karin is steep with equivalent αKarin ≃ 5.3 over a size range of at least 2−5 km (and may well continue below 2 km to kilometer of sub-kilometer sizes). We also find it interesting that the largest fragment (1270) Datura retained most of the mass and angular momentum of the parent body, and is still rotating near the critical, fission limit. As a result, the Datura family is to be considered an example of cratering event, rather then the catastrophic disruption event. Fragments in cratering events of large families, such as Vesta or Massalia, are known to have very steep size distribution, steeper than that of the Karin family. All these clues make us speculate that the formation of the Datura family underwent somewhat different regime than the traditional, larger and older asteroid families. We think that the Datura family may result from a collision of a comparably smaller projectile onto a near-to-critically rotating parent body. Numerical simulations of asteroid collisional fragmentations have not explored this interesting regime yet, but the very young asteroid families may provide a strong motivation to do so. 
We note that population of asteroids with size ≤30 km was found to be strongly affected by the Yarkovsky-O’Keefe-Radzievsky-Paddack (YORP) effect (e.g., Bottke et al. 2006; Vokrouhlický et al. 2015). In particular, YORP is able to accelerate rotation rate of asteroids and make part of the population rotate very fast (e.g., Pravec et al. 2008). Although this is only a fraction of the whole population, it may be vulnerable to an easier disruption, or undergo significant cratering, by impacts of small projectiles. Therefore, breakups of this particular sub-population of fast rotating asteroids may represent a significant portion of family-formation events with parent bodies of Dpar ≤ 30 km size. 

    
1 
          http://www.boulder.swri.edu/hal/swift.html
        


2 
          http://www.lpl.arizona.edu/css/
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             Composite lightcurve of (203370) 2001 WY35 from 2014. The solid line is the fit fourth-order Fourier series representing the data.
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               Composite lightcurve of (215619) 2003 SQ168 from 2013. The solid line is the fit fifth-order Fourier series representing the data.
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	[image: thumbnail]	Fig. 3
               Composite lightcurve of (215619) 2003 SQ168 from 2015. The solid line is the fit second-order Fourier series showing that there is a low-amplitude signal for the period obtained from the 2013 data. The exact ligthcurve shape is not well revealed due to noisy 2015 observations that were taken close to the aphelion of the asteroid’s orbit (see Table 1).
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               Partial lightcurve of 2002 RH291 from July 8, 2015 observations. A high amplitude of 1.2 mag is revealed and a period about 5.3 h is suggested.
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               The convex shape model of (90265) 2003 CL5, corresponding to the formally best-fit pole orientation, shown from equatorial level (left and center, 90° apart) and pole-on (right).
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	[image: thumbnail]	Fig. 6
               Example lightcurves of (90265) 2003 CL5 (dots) shown with the synthetic lightcurves (solid curves) produced by the best-fit model in Fig. 5. The geometry is described by the aspect angle θ, the solar aspect angle θ0, and the solar phase angle α.
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               The shape model of (60151) 1999 UZ6 corresponding to the pole direction (λ,β) = (18°,56°) shown from equatorial level (left and center, 90° apart) and pole-on (right).
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               Example lightcurves of (60151) 1999 UZ6 (dots) shown with the synthetic lightcurves (solid curves) produced by the best-fit model in Fig. 7. The geometry is described by the aspect angle θ, the solar aspect angle θ0, and the solar phase angle α and corresponds to the pole direction (λ,β) = (18°,56°).

            In the text



	[image: thumbnail]	Fig. 9
               The shape model of (89309) 2001 VN36 corresponding to the pole direction (λ,β) = (66°,63°) shown from equatorial level (left and center, 90° apart) and pole-on (right).
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	[image: thumbnail]	Fig. 10
              Left: observed (blue) and modeled (red) data of (89309) 2001 VN36 shown as a function of the solar phase angle (abscissa, in degrees). Right: the residuals plotted with respect to the mean phase curve (dashed line).
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	[image: thumbnail]	Fig. 11
             Datura family members with proper orbital elements determined by the AstDyS database projected onto two-dimensional planes of proper semimajor axis vs. proper sine of inclination (top), and proper semimajor axis vs. proper eccentricity (bottom). Formal one sigma uncertainties are shown by error bars. The large diamond symbol shows the largest family member (1270) Datura. The dashed ellipse shows orbits at 6 m s-1 distance from (1270) Datura and ω + f = 30° and f = 40° at the moment of family formation (ω is argument of perihelion and f is the true anomaly). The gray interval of semimajor axis values approximately delimits the zone of the M9/16 mean motion resonance with Mars. Some Datura members, 433382, 89309 and 2009 VS116 from bottom to top, reside in this resonance. One asteroid, 452713, appears to jump over this resonance and resides on the extreme right of the plot. All these members have formally large distance δvprop> 12 m s-1 distance to (1270) Datura in the standard metric of the proper element space.
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	[image: thumbnail]	Fig. 12
             Correlation between osculating longitude of node Ω (abscissa) and longitude of perihelion ϖ (ordinate) for Datura members. Large diamond is (1270) Datura, black symbols are for multi-opposition members and gray symbols are for single-opposition members. Formal one sigma uncertainty of Ω and ϖ are shown by error-bars, often smaller than the symbols. The open symbols are for asteroids 2015 DY94 (left) and 2015 PQ47 (right) whose orbits are very uncertain at this moment. The dashed line has a slope ≃−0.5. Asteroids with negative difference ΔΩ with respect to (1270) Datura have larger value of the proper semimajor axis and vice versa. Those with ΔΩ approximately in between −12° and −5° are captured in the M9/16 mean motion resonance with Mars.
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	[image: thumbnail]	Fig. 13
               Convergence of secular angles Ω and ϖ of Datura members to the largest fragment (1270) Datura. The histograms show number of converging trials in the past regrouped into 10 kyr bins: (i) light gray for a cut-off limit δV< 5 m s-1; (ii) the dark gray for a cut-off limit δV< 2 m s-1. Each time the histograms were normalized to unity for the first case. Left and middle columns for asteroids on stable orbits away from the M9/16 mean motion resonance. The right column for objects that either currently reside in this resonance (89309, 433382 and 2009 VS116), or the extreme member that jumped over this resonance (452713).
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	[image: thumbnail]	Fig. 14
               Same as in Fig. 13, but now using the second of our convergence criteria. In this case we monitored distance of the (1270) Datura clones from those of family members in Cartesian space and in the same time evaluated their relative velocity. When both quantities became smaller than chosen threshold values, ideally the estimated radius of the Hill sphere of Datura-family parent body and its escape velocity, we considered the configuration converging. The light gray histograms show normalized appearance of converging cases in 10 kyr bins for distance limit of 5000 km and the velocity limit of 10 m s-1. The dark gray cases have instead 2500 km and 5 m s-1 limits.
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	[image: thumbnail]	Fig. 15
             Detection efficiency function Be characterizing performance of the two stations at Catalina Sky Survey: the 1.5-m Mt. Lemmon telescope (code G96) and 0.8-m Catalina telescope (code 703). The smaller of the two covers larger area of the sky, allowing a nearly complete census of brighter members in the Datura family. The detection efficiency drops below 0.5 at ≃16.8 mag, mainly due to performance of station 703. The non-negligible detection-efficiency tail to fainter objects of a magnitude up to 20 is due to observations of the larger, Mt. Lemmon telescope. Because the station G96 searches a smaller sky area near ecliptic, it could miss some orbits and the efficiency stays below 0.2 value. The gray arrow indicates a range of sub-kilometer size asteroids for assumed albedo pV = 0.24.

          In the text



	[image: thumbnail]	Fig. 16
               Two examples of a satisfactory fit of the observed (gray line and symbols) and modeled (black line and symbols) populations of the Datura family (we show the population except for the largest fragment (1270) Datura). The unbiased, source population shown by the dashed line is assumed to have two power-law segments with cumulative exponents α (large sizes) and β (small sizes) and a break at Dbreak. In the two cases we have: (i) α = 5.36, β = 2.11 and Dbreak = 1.08 km (top); and (ii) α = 9.50, β = 2.09 and Dbreak = 1.24 km (bottom). The source population is transformed to the modeled population by the CSS detection efficiency function from Fig. 15. The magnitude-size relation assumes geometric albedo pV = 0.24, and the error bars of the observed population are from the magnitude uncertainties in Table 8. The smallest sizes denoted by the light-gray region are heavily biased against detection: B< 0.05 in this case.
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	[image: thumbnail]	Fig. 17
               Best-fit parameter sets (Dbreak;α,β) projected onto two dimensional planes: (i) Dbreak vs. α (top and left); (ii) Dbreak vs. β (bottom and left); and (iii) α vs. β (bottom and right). Symbols correspond to parameters that provided matches with the Kolmogorov-Smirnov distance dKS< 0.1 between the observed and modeled (biased) populations of Datura fragments.
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	[image: thumbnail]	Fig. 18
              Left: correlated values of angular momentum vs mass content in Datura fragments (except for 1270 Datura) normalized by the angular momentum and mass of (1270) Datura. Symbols correspond to successful fits from Fig. 17. The shaded histograms on the top and on the right are one dimensional distributions of the respective quantity. Right: the same as on the left, but now showing true (debiased) number N500 of Datura-family fragments larger than 500 m vs number N200 of Datura-family fragments larger than 200 m in size. Magnitude-size transformation assumes albedo pV = 0.24.
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    Table 1 

             Aspect data for observations of (203370) 2001 WY35, (215619) 2003 SQ168, and 2002 RH292.

          
            
              	Date
              	
                
                  r
                
              
              	
                Δ
              
              	
                
                  α
                
              
              	
                
                  λ
                
              
              	
                
                  β
                
              
              	 Obs. 
            

            
              	
              	[au]
              	[au]
              	[deg]
              	[deg]
              	[deg]
              	
            

            
              	
                

              
            

            
              	
                (203370) 2001 WY35
              
            

            
              	2014 10 25.1
              	1.77
              	1.15
              	31.6
              	 322.6
              	
                −9.0
              
              	 DK 
            

            
              	2014 10 26.2
              	1.77
              	1.16
              	31.8
              	 323.0
              	
                −9.0
              
              	 DK 
            

            
              	2014 10 28.1
              	1.77
              	1.18
              	32.0
              	 323.6
              	
                −8.9
              
              	 DK 
            

            
              	2014 10 29.1
              	1.77
              	1.19
              	32.2
              	 323.9
              	
                −8.8
              
              	 DK 
            

            
              	
                (215619) 2003 SQ168
              
            

            
              	2013 10 30.2
              	1.78
              	0.97
              	24.8
              	 348.9
              	
                −11.1
              
              	 DK 
            

            
              	2013 10 31.1
              	1.78
              	0.97
              	25.0
              	 349.0
              	
                −11.0
              
              	 DK 
            

            
              	2013 11 06.1
              	1.79
              	1.02
              	26.8
              	 349.8
              	
                −10.4
              
              	 DK 
            

            
              	2013 11 07.1
              	1.79
              	1.03
              	27.1
              	 350.0
              	
                −10.3
              
              	 DK 
            

            
              	2013 11 08.2
              	1.79
              	1.04
              	27.4
              	 350.2
              	
                −10.2
              
              	 DK 
            

            
              	2013 11 09.1
              	1.79
              	1.05
              	27.6
              	 350.4
              	
                −10.1
              
              	 DK 
            

            
              	2015 02 18.3
              	2.66
              	1.69
              	5.6
              	 161.8
              	
                8.2
              
              	 DK 
            

            
              	2015 02 23.2
              	2.66
              	1.68
              	3.9
              	 160.5
              	
                8.3
              
              	 DK 
            

            
              	
                2002 RH291
              
            

            
              	2015 07 08.3
              	2.15
              	1.24
              	15.9
              	 250.1
              	
                1.7
              
              	 DCT 
            

          


            Notes. The table lists mid-time (UTC) of the observations, asteroid’s distance from the Sun r and from the Earth Δ, the solar phase angle α, the geocentric ecliptic coordinates of the asteroid (λ,β), and the observatory or source (DK – Danish telescope, La Silla, 1.54-m; DCT – Discovery Channel Telescope, Arizona, 4.3-m).

          


  
    Table 2 

             Aspect data for observations of (90265) 2003 CL5.
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                  λ
                
              
              	
                
                  β
                
              
              	 Obs. 
            

            
              	
              	[au]
              	[au]
              	[deg]
              	[deg]
              	[deg]
              	
            

            
              	
                

              
            

            
              	2008 09 02.0
              	1.78
              	0.79
              	9.6
              	 351.3
              	
                −12.7
              
              	 V09 
            

            
              	2008 09 02.9
              	1.78
              	0.79
              	9.2
              	 351.1
              	
                −12.8
              
              	 V09 
            

            
              	2008 09 30.8
              	1.77
              	0.82
              	14.2
              	 345.6
              	
                −13.0
              
              	 V09 
            

            
              	2008 10 28.8
              	1.78
              	0.98
              	25.7
              	 345.4
              	
                −10.9
              
              	 V09 
            

            
              	2008 10 29.8
              	1.78
              	0.99
              	26.0
              	 345.5
              	
                −10.8
              
              	 V09 
            

            
              	2013 01 08.2
              	2.41
              	1.46
              	8.2
              	 127.8
              	
                4.1
              
              	 DK 
            

            
              	2013 01 11.2
              	2.41
              	1.45
              	6.7
              	 127.1
              	
                4.2
              
              	 DK 
            

            
              	2013 01 15.2
              	2.42
              	1.45
              	4.8
              	 126.0
              	
                4.4
              
              	 DK 
            

            
              	2013 02 04.2
              	2.46
              	1.50
              	6.2
              	 120.4
              	
                5.1
              
              	 DK 
            

            
              	2013 02 08.2
              	2.47
              	1.52
              	8.1
              	 119.5
              	
                5.1
              
              	 DK 
            

            
              	2014 03 07.3
              	2.60
              	1.99
              	19.8
              	 228.7
              	
                7.2
              
              	 DK 
            

            
              	2014 04 01.3
              	2.57
              	1.70
              	13.6
              	 227.7
              	
                8.0
              
              	 DK 
            

            
              	2015 10 09.3
              	1.91
              	1.26
              	28.4
              	80.7
              	
                −6.3
              
              	 DK 
            

            
              	2015 11 18.2
              	1.99
              	1.05
              	11.6
              	78.7
              	
                −5.4
              
              	 DK 
            

            
              	2015 12 17.2
              	2.06
              	1.09
              	6.7
              	70.9
              	
                −3.5
              
              	 DK 
            

            
              	2015 12 18.2
              	2.07
              	1.10
              	7.3
              	70.7
              	
                −3.5
              
              	 DK 
            

          


            Notes. The table lists mid-time (UTC) of the observations, asteroid’s distance from the Sun r and from the Earth Δ, the solar phase angle α, the geocentric ecliptic coordinates of the asteroid (λ,β), and the observatory or source (V09 – Vokrouhlický et al. 2009; DK – Danish telescope, La Silla, 1.54-m).

          


  
    Table 3 

             Aspect data for observations of (60151) 1999 UZ6.

          
            
              	Date
              	
                
                  r
                
              
              	
                Δ
              
              	
                
                  α
                
              
              	
                
                  λ
                
              
              	
                
                  β
                
              
              	 Obs. 
            

            
              	
              	[au]
              	[au]
              	[deg]
              	[deg]
              	[deg]
              	
            

            
              	
                

              
            

            
              	2009 11 24.2
              	2.00
              	1.02
              	6.1
              	73.0
              	
                −5.7
              
              	 PdM 
            

            
              	2009 11 24.9
              	2.00
              	1.02
              	5.7
              	72.8
              	
                −5.7
              
              	 PdM 
            

            
              	2009 11 26.1
              	2.00
              	1.02
              	5.1
              	72.5
              	
                −5.6
              
              	 PdM 
            

            
              	2009 11 28.2
              	2.01
              	1.02
              	4.0
              	71.9
              	
                −5.5
              
              	 PdM 
            

            
              	2009 12 20.9
              	2.06
              	1.12
              	10.8
              	66.2
              	
                −3.8
              
              	 PdM 
            

            
              	2012 10 03.2
              	1.77
              	0.89
              	21.3
              	 331.5
              	
                −11.7
              
              	 DK 
            

            
              	2014 02 23.2
              	2.65
              	1.66
              	3.0
              	 154.8
              	
                8.1
              
              	 DK 
            

            
              	2014 02 25.2
              	2.65
              	1.66
              	3.1
              	 154.3
              	
                8.1
              
              	 DK 
            

            
              	1998–2011
              	
              	
              	
              	
              	
              	 L 
            

          


            Notes. The table lists mid-time (UTC) of the observations, asteroid’s distance from the Sun r and from the Earth Δ, the solar phase angle α, the geocentric ecliptic coordinates of the asteroid (λ,β), and the observatory or source (DK – Danish telescope, La Silla, 1.54-m; PdM – Pic du Midi Observatory, 1.05 m; L – sparse data from the Lowell photometric database, 147 points altogether).

          


  
    Table 4 

             Aspect data for observations of (89309) 2001 VN36.

          
            
              	Date
              	
                
                  r
                
              
              	
                Δ
              
              	
                
                  α
                
              
              	
                
                  λ
                
              
              	
                
                  β
                
              
              	 Obs. 
            

            
              	
              	[au]
              	[au]
              	[deg]
              	[deg]
              	[deg]
              	
            

            
              	
                

              
            

            
              	2014 10 17.1
              	1.77
              	0.98
              	26.4
              	 331.9
              	
                −10.9
              
              	 DK 
            

            
              	2014 10 18.2
              	1.77
              	0.99
              	26.8
              	 332.0
              	
                −10.8
              
              	 DK 
            

            
              	2014 10 19.1
              	1.77
              	0.99
              	27.0
              	 332.1
              	
                −10.8
              
              	 DK 
            

            
              	2014 10 20.1
              	1.77
              	1.00
              	27.3
              	 332.3
              	
                −10.7
              
              	 DK 
            

            
              	2014 10 21.2
              	1.77
              	1.01
              	27.6
              	 332.5
              	
                −10.6
              
              	 DK 
            

            
              	2014 10 22.2
              	1.77
              	1.02
              	27.9
              	 332.6
              	
                −10.5
              
              	 DK 
            

            
              	2014 10 25.1
              	1.77
              	1.04
              	28.7
              	 333.2
              	
                −10.3
              
              	 DK 
            

            
              	2014 10 26.2
              	1.77
              	1.05
              	28.9
              	 333.4
              	
                −10.2
              
              	 DK 
            

            
              	2014 10 27.1
              	1.77
              	1.06
              	29.1
              	 333.6
              	
                −10.1
              
              	 DK 
            

            
              	2014 10 28.1
              	1.77
              	1.07
              	29.4
              	 333.8
              	
                −10.1
              
              	 DK 
            

            
              	2014 10 29.1
              	1.77
              	1.07
              	29.6
              	 334.0
              	
                −10.0
              
              	 DK 
            

            
              	2014 11 15.1
              	1.78
              	1.23
              	32.2
              	 339.1
              	
                −8.7
              
              	 DK 
            

            
              	2014 11 16.1
              	1.78
              	1.24
              	32.3
              	 339.5
              	
                −8.6
              
              	 DK 
            

            
              	2014 11 17.1
              	1.78
              	1.24
              	32.4
              	 339.8
              	
                −8.5
              
              	 DK 
            

            
              	2014 11 18.2
              	1.78
              	1.26
              	32.5
              	 340.2
              	
                −8.4
              
              	 DK 
            

            
              	2014 11 19.2
              	1.78
              	1.26
              	32.6
              	 340.6
              	
                −8.4
              
              	 DK 
            

            
              	2014 11 20.0
              	1.78
              	1.27
              	32.6
              	 340.9
              	
                −8.3
              
              	 DK 
            

            
              	2014 11 21.1
              	1.78
              	1.28
              	32.7
              	 341.3
              	
                −8.2
              
              	 DK 
            

            
              	2014 11 22.1
              	1.78
              	1.29
              	32.8
              	 341.7
              	
                −8.2
              
              	 DK 
            

            
              	2014 11 26.1
              	1.79
              	1.33
              	33.0
              	 343.3
              	
                −7.9
              
              	 DK 
            

            
              	2016 02 08.3
              	2.62
              	1.69
              	8.5
              	 160.5
              	
                8.1
              
              	 DK 
            

            
              	2016 02 09.2
              	2.62
              	1.68
              	8.1
              	 160.2
              	
                8.1
              
              	 DK 
            

            
              	2016 02 10.2
              	2.62
              	1.68
              	7.7
              	 160.0
              	
                8.2
              
              	 DK 
            

            
              	2016 02 13.2
              	2.63
              	1.67
              	6.5
              	 159.2
              	
                8.3
              
              	 DK 
            

            
              	2016 02 14.2
              	2.63
              	1.67
              	6.1
              	 159.0
              	
                8.3
              
              	 DK 
            

            
              	2016 03 03.2
              	2.65
              	1.67
              	4.6
              	 154.1
              	
                8.6
              
              	 DK 
            

            
              	2016 03 05.2
              	2.65
              	1.67
              	5.3
              	 153.6
              	
                8.6
              
              	 DK 
            

            
              	2016 03 06.1
              	2.65
              	1.68
              	5.6
              	 153.4
              	
                8.6
              
              	 DK 
            

            
              	2016 03 07.2
              	2.65
              	1.68
              	6.0
              	 153.1
              	
                8.6
              
              	 DK 
            

            
              	2016 03 08.3
              	2.65
              	1.69
              	6.4
              	 152.8
              	
                8.6
              
              	 DK 
            

            
              	2016 03 09.2
              	2.65
              	1.69
              	6.8
              	 152.6
              	
                8.6
              
              	 DK 
            

            
              	2016 03 13.1
              	2.65
              	1.71
              	8.3
              	 151.7
              	
                8.6
              
              	 DK 
            

            
              	2016 03 15.2
              	2.66
              	1.72
              	9.1
              	 151.2
              	
                8.6
              
              	 DK 
            

            
              	2001–2012
              	
              	
              	
              	
              	
              	 L 
            

          


            Notes. The table lists mid-time (UTC) of the observations, asteroid’s distance from the Sun r and from the Earth Δ, the solar phase angle α, the geocentric ecliptic coordinates of the asteroid (λ,β), and the observatory or source (DK – Danish telescope, La Silla, 1.54-m; L – sparse data from the Lowell photometric database, 127 points altogether).

          


  
    Table 5 

             Known rotation parameters from lightcurve observations of Datura family members.

          
            
              	Asteroid
              	
                
                  P
                
              
              	
                
                  A
                
              
              	
                [image: equation]
              
            

            
              	
              	
              	[hr]
              	[mag]
              	[deg] 
            

            
              	
                

              
            

            
              	1270
              	 Datura
              	
                3.3581
              
              	
                0.5
              
              	
                12
              
            

            
              	90265
              	 2003 CL5
              	
                23.4153
              
              	
                1.8
              
              	
                6
              
            

            
              	60151
              	 1999 UZ6
              	
                13.8836
              
              	
                0.75
              
              	
                5
              
            

            
              	89309
              	 2001 VN36
              	
                73.145
              
              	
                1.4
              
              	
                7
              
            

            
              	 203370
              	 2001 WY35
              	
                8.344
              
              	
                1.6
              
              	
                32
              
            

            
              	 215619
              	 2003 SQ168
              	
                4.646
              
              	
                0.11
              
              	
                26
              
            

            
              	
              	 2002 RH291
              	
                5.3
              
              	
                1.2
              
              	
                16
              
            

          


            Notes. P is the rotation period and A is amplitude of the lightcurve. Reported rotation periods are synodic values, except for (1270) Datura, (90265) 2003 CL5, (60151) 1999 UZ6, and (89309) 2001 VN36 for which observations allowed to determine sidereal value (Sects. 4.1−4.3, and Vokrouhlický et al. 2009). In the case of (215619) 2003 SQ165 we cannot exclude also period twice as long. The last column, [image: equation], gives the mean phase angle of the dense lightcurves used for the estimate of its amplitude.

          


  
    Table 6 

             Color indexes from our observations of Datura family members.

          
            
              	Asteroid
              	
                V−R
              
              	 Source 
            

            
              	
              	
              	[mag]
              	
            

            
              	
                

              
            

            
              	1270
              	 Datura
              	
                0.44 ± 0.03
              
              	 V09 
            

            
              	90265
              	 2003 CL5
              	
                0.437 ± 0.020
              
              	 this work 
            

            
              	89309
              	 2001 VN36
              	
                0.470 ± 0.010
              
              	 this work 
            

            
              	 215619
              	 2003 SQ168
              	
                0.466 ± 0.015
              
              	 this work 
            

          


            Notes. V−R is the measured color index, apparent brightness in V and R filters, given in standard Johnson-Cousins photometric system. V09 stands for Vokrouhlický et al. (2009).

          


  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
             Composite lightcurve of (203370) 2001 WY35 from 2014. The solid line is the fit fourth-order Fourier series representing the data.

          

    

  
    
      Fig. 2 
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               Composite lightcurve of (215619) 2003 SQ168 from 2013. The solid line is the fit fifth-order Fourier series representing the data.

            

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
               Composite lightcurve of (215619) 2003 SQ168 from 2015. The solid line is the fit second-order Fourier series showing that there is a low-amplitude signal for the period obtained from the 2013 data. The exact ligthcurve shape is not well revealed due to noisy 2015 observations that were taken close to the aphelion of the asteroid’s orbit (see Table 1).

            

    

  
    
      Fig. 4 
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               Partial lightcurve of 2002 RH291 from July 8, 2015 observations. A high amplitude of 1.2 mag is revealed and a period about 5.3 h is suggested.

            

    

  
    
      Fig. 5 
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               The convex shape model of (90265) 2003 CL5, corresponding to the formally best-fit pole orientation, shown from equatorial level (left and center, 90° apart) and pole-on (right).

            

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
               Example lightcurves of (90265) 2003 CL5 (dots) shown with the synthetic lightcurves (solid curves) produced by the best-fit model in Fig. 5. The geometry is described by the aspect angle θ, the solar aspect angle θ0, and the solar phase angle α.

            

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
               The shape model of (60151) 1999 UZ6 corresponding to the pole direction (λ,β) = (18°,56°) shown from equatorial level (left and center, 90° apart) and pole-on (right).

            

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
               Example lightcurves of (60151) 1999 UZ6 (dots) shown with the synthetic lightcurves (solid curves) produced by the best-fit model in Fig. 7. The geometry is described by the aspect angle θ, the solar aspect angle θ0, and the solar phase angle α and corresponds to the pole direction (λ,β) = (18°,56°).

            

    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
               The shape model of (89309) 2001 VN36 corresponding to the pole direction (λ,β) = (66°,63°) shown from equatorial level (left and center, 90° apart) and pole-on (right).

            

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
              Left: observed (blue) and modeled (red) data of (89309) 2001 VN36 shown as a function of the solar phase angle (abscissa, in degrees). Right: the residuals plotted with respect to the mean phase curve (dashed line).

            

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
             Datura family members with proper orbital elements determined by the AstDyS database projected onto two-dimensional planes of proper semimajor axis vs. proper sine of inclination (top), and proper semimajor axis vs. proper eccentricity (bottom). Formal one sigma uncertainties are shown by error bars. The large diamond symbol shows the largest family member (1270) Datura. The dashed ellipse shows orbits at 6 m s-1 distance from (1270) Datura and ω + f = 30° and f = 40° at the moment of family formation (ω is argument of perihelion and f is the true anomaly). The gray interval of semimajor axis values approximately delimits the zone of the M9/16 mean motion resonance with Mars. Some Datura members, 433382, 89309 and 2009 VS116 from bottom to top, reside in this resonance. One asteroid, 452713, appears to jump over this resonance and resides on the extreme right of the plot. All these members have formally large distance δvprop> 12 m s-1 distance to (1270) Datura in the standard metric of the proper element space.

          

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
             Correlation between osculating longitude of node Ω (abscissa) and longitude of perihelion ϖ (ordinate) for Datura members. Large diamond is (1270) Datura, black symbols are for multi-opposition members and gray symbols are for single-opposition members. Formal one sigma uncertainty of Ω and ϖ are shown by error-bars, often smaller than the symbols. The open symbols are for asteroids 2015 DY94 (left) and 2015 PQ47 (right) whose orbits are very uncertain at this moment. The dashed line has a slope ≃−0.5. Asteroids with negative difference ΔΩ with respect to (1270) Datura have larger value of the proper semimajor axis and vice versa. Those with ΔΩ approximately in between −12° and −5° are captured in the M9/16 mean motion resonance with Mars.

          

    

  
    Table 7 

             Equinoctial orbital elements, and their uncertainty, of the Datura family members as of epoch MJD 57 400.0.

          
            
              	Asteroid
              	
                
                  a
                
              
              	
                
                  h
                
              
              	
                
                  k
                
              
              	
                
                  p
                
              
              	
                
                  q
                
              
              	
                
                  λ
                
              
              	
                
                  H
                
              
            

            
              	
              	
              	[au]
              	
              	
              	
              	
              	[deg]
              	[mag] 
            

            
              	
                

              
            

            
              	1270
              	 Datura
              	2.234291506
              	−0.01139746
              	0.20815587
              	0.05179750
              	−0.00710095
              	243.063902
              	12.5 
            

            
              	60151
              	 1999 UZ6
              	2.234663359
              	−0.00947655
              	0.20806644
              	0.05197876
              	−0.00616680
              	347.293447
              	16.1 
            

            
              	89309
              	 2001 VN36
              	2.235956055
              	−0.00057562
              	0.20617945
              	0.05252351
              	−0.00268579
              	132.282194
              	16.3 
            

            
              	90265
              	 2003 CL5
              	2.234558334
              	−0.00918319
              	0.20764186
              	0.05212221
              	−0.00517163
              	62.603766
              	15.8 
            

            
              	 203370
              	 2001 WY35
              	2.235437285
              	−0.00975528
              	0.20707497
              	0.05196030
              	−0.00622042
              	126.683082
              	17.1 
            

            
              	 215619
              	 2003 SQ168
              	2.234243423
              	−0.01090110
              	0.20817799
              	0.05185870
              	−0.00672840
              	244.837673
              	17.0 
            

            
              	 338309
              	 2002 VR17
              	2.234732885
              	−0.00940662
              	0.20803387
              	0.05195166
              	−0.00617257
              	9.102090
              	17.7 
            

            
              	 433382
              	 2013 ST71
              	2.234254150
              	−0.01093807
              	0.20812248
              	0.05176741
              	−0.00723717
              	252.296532
              	18.0 
            

            
              	 452713
              	 2005 YP136
              	2.236503316
              	0.00875368
              	0.20520896
              	0.05272439
              	0.00345898
              	84.736554
              	18.5 
            

            
              	
              	 2002 RH291
              	2.234818063
              	−0.00790986
              	0.20792645
              	0.05210134
              	−0.00522315
              	345.424151
              	17.9 
            

            
              	
              	 2009 VS116
              	2.236316030
              	0.01115949
              	0.20526743
              	0.05283118
              	0.00389664
              	11.132338
              	18.1 
            

            
              	
              	 2011 KT10
              	2.236230535
              	0.00067621
              	0.20728014
              	0.05255179
              	−0.00228555
              	40.490908
              	18.2 
            

            
              	
              	 2014 OA86
              	2.234856406
              	−0.01548524
              	0.20726851
              	0.05135012
              	−0.00952054
              	116.454194
              	18.9 
            

            
              	
              	
                2003 UD112
              
              	
                2.234561159
              
              	
                −
                0.00465521
              
              	
                0.20744382
              
              	
                0.05218356
              
              	
                −
                0.00493806
              
              	
                253.301419
              
              	
                17.8 
              
            

            
              	
              	
                 2006 SY376
              
              	
                2.233150757
              
              	
                −
                0.02836387
              
              	
                0.20830231
              
              	
                0.04978401
              
              	
                −
                0.01546174
              
              	
                289.755631
              
              	
                19.9 
              
            

            
              	
              	
                 2006 SD382
              
              	
                2.236020249
              
              	
                0.01011873
              
              	
                0.20592422
              
              	
                0.05278196
              
              	
                0.00377909
              
              	
                292.317821
              
              	
                18.8 
              
            

            
              	
              	
                 2014 OE206
              
              	
                2.235706902
              
              	
                −
                0.00734951
              
              	
                0.20674795
              
              	
                0.05210281
              
              	
                −
                0.00568040
              
              	
                122.119428
              
              	
                19.4 
              
            

            
              	Uncertainty
              	
                
                  δa
                
              
              	
                
                  δh
                
              
              	
                
                  δk
                
              
              	
                
                  δp
                
              
              	
                
                  δq
                
              
              	
                
                  δλ
                
              
              	
            

            
              	1270
              	 Datura
              	7.2e-9
              	3.5e-8
              	6.4e-8
              	3.3e-8
              	5.4e-8
              	5.8e-6
              	
            

            
              	60151
              	 1999 UZ6
              	1.4e-8
              	6.5e-8
              	7.1e-8
              	6.2e-8
              	6.1e-8
              	8.7e-6
              	
            

            
              	89309
              	 2001 VN36
              	1.3e-8
              	7.2e-8
              	5.9e-8
              	4.8e-8
              	5.4e-8
              	7.3e-6
              	
            

            
              	90265
              	 2003 CL5
              	2.0e-8
              	8.3e-8
              	7.5e-8
              	7.1e-8
              	6.8e-8
              	1.0e-5
              	
            

            
              	 203370
              	 2001 WY35
              	1.6e-8
              	1.1e-7
              	7.8e-8
              	6.5e-8
              	6.6e-8
              	1.0e-5
              	
            

            
              	 215619
              	 2003 SQ168
              	2.0e-8
              	6.2e-8
              	1.2e-7
              	5.8e-8
              	1.0e-7
              	8.6e-6
              	
            

            
              	 338309
              	 2002 VR17
              	1.8e-8
              	2.2e-7
              	8.9e-8
              	8.7e-8
              	6.3e-8
              	1.7e-5
              	
            

            
              	 433382
              	 2013 ST71
              	2.8e-8
              	1.1e-7
              	2.2e-7
              	8.5e-8
              	1.9e-7
              	1.3e-5
              	
            

            
              	 452713
              	 2005 YP136
              	1.8e-7
              	2.1e-7
              	3.5e-7
              	1.4e-7
              	9.6e-8
              	7.5e-5
              	
            

            
              	
              	 2002 RH291
              	2.8e-8
              	3.3e-7
              	1.8e-7
              	1.0e-7
              	1.2e-7
              	2.4e-5
              	
            

            
              	
              	 2009 VS116
              	2.4e-6
              	2.7e-6
              	3.6e-6
              	3.8e-7
              	1.5e-7
              	5.6e-4
              	
            

            
              	
              	 2011 KT10
              	2.9e-8
              	4.6e-7
              	4.2e-7
              	1.1e-7
              	1.8e-7
              	3.7e-5
              	
            

            
              	
              	 2014 OA86
              	2.7e-6
              	2.9e-6
              	4.3e-6
              	4.3e-7
              	1.9e-7
              	8.0e-4
              	
            

            
              	
              	
                2003 UD112
              
              	
                6.6e-4
              
              	
                4.9e-4
              
              	
                2.9e-4
              
              	
                3.5e-5
              
              	
                3.0e-5
              
              	
                5.8e-1
              
              	
            

            
              	
              	
                 2006 SY376
              
              	
                3.2e-3
              
              	
                1.9e-3
              
              	
                1.7e-3
              
              	
                6.0e-5
              
              	
                8.8e-5
              
              	
                2.4e+0
              
              	
            

            
              	
              	
                 2006 SD382
              
              	
                3.5e-4
              
              	
                2.2e-4
              
              	
                1.1e-4
              
              	
                9.9e-6
              
              	
                8.3e-6
              
              	
                2.5e-1
              
              	
            

            
              	
              	
                 2014 OE206
              
              	
                4.6e-4
              
              	
                6.8e-5
              
              	
                1.2e-4
              
              	
                3.3e-5
              
              	
                1.6e-5
              
              	
                5.5e-2
              
              	
            

          


            Notes. a is semimajor axis, (h,k) = e (sinϖ,cosϖ) where e is the eccentricity and ϖ is the longitude of perihelion, (p,q) = tan(i/ 2) (sinΩ,cosΩ) where i is the inclination and Ω is the longitude of node, and λ = ϖ + M is the mean longitude in orbit (M is the mean anomaly). Default reference system is that of mean ecliptic J2000. Orbital solution, together with formal one sigma uncertainties, is from the AstDyS catalog as of May 2016 (e.g., Knežević et al. 2002). Asteroids whose data are listed in roman font are multi-opposition, while those listed in italic font are single-opposition. The adopted absolute magnitude values H are from MPC; in general, their uncertainty is ± 0.3 mag. More accurate H values for the largest Datura members resulting from our observations are reported in Table 8. We excluded two potential Datura members, 2015 DY94 and 2015 PQ47, because their orbits are too uncertain.

          


  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
               Convergence of secular angles Ω and ϖ of Datura members to the largest fragment (1270) Datura. The histograms show number of converging trials in the past regrouped into 10 kyr bins: (i) light gray for a cut-off limit δV< 5 m s-1; (ii) the dark gray for a cut-off limit δV< 2 m s-1. Each time the histograms were normalized to unity for the first case. Left and middle columns for asteroids on stable orbits away from the M9/16 mean motion resonance. The right column for objects that either currently reside in this resonance (89309, 433382 and 2009 VS116), or the extreme member that jumped over this resonance (452713).

            

    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
               Same as in Fig. 13, but now using the second of our convergence criteria. In this case we monitored distance of the (1270) Datura clones from those of family members in Cartesian space and in the same time evaluated their relative velocity. When both quantities became smaller than chosen threshold values, ideally the estimated radius of the Hill sphere of Datura-family parent body and its escape velocity, we considered the configuration converging. The light gray histograms show normalized appearance of converging cases in 10 kyr bins for distance limit of 5000 km and the velocity limit of 10 m s-1. The dark gray cases have instead 2500 km and 5 m s-1 limits.

            

    

  
    
      Fig. 15 

      
        [image: thumbnail]
      

      
             Detection efficiency function Be characterizing performance of the two stations at Catalina Sky Survey: the 1.5-m Mt. Lemmon telescope (code G96) and 0.8-m Catalina telescope (code 703). The smaller of the two covers larger area of the sky, allowing a nearly complete census of brighter members in the Datura family. The detection efficiency drops below 0.5 at ≃16.8 mag, mainly due to performance of station 703. The non-negligible detection-efficiency tail to fainter objects of a magnitude up to 20 is due to observations of the larger, Mt. Lemmon telescope. Because the station G96 searches a smaller sky area near ecliptic, it could miss some orbits and the efficiency stays below 0.2 value. The gray arrow indicates a range of sub-kilometer size asteroids for assumed albedo pV = 0.24.

          

    

  
    Table 8 

               Datura family members detected by CSS.

            
              
                	Asteroid
                	
                  
                    H
                  
                
                	
                  
                    δH
                  
                
              

              
                	
                	
                	[mag]
                	[mag] 
              

              
                	
                  

                
              

              
                	90265
                	 2003 CL5
                	
                  16.30
                
                	
                  0.06
                
              

              
                	60151
                	 1999 UZ6
                	
                  16.58
                
                	
                  0.04
                
              

              
                	89309
                	 2001 VN36
                	
                  16.68
                
                	
                  0.06
                
              

              
                	 215619
                	 2003 SQ168
                	
                  17.41
                
                	
                  0.05
                
              

              
                	 203370
                	 2001 WY35
                	
                  17.81
                
                	
                  0.16
                
              

              
                	
                	 2002 RH291
                	
                  17.9
                
                	
                  0.25
                
              

              
                	 338309
                	 2002 VR17
                	
                  18.0
                
                	
                  0.25
                
              

              
                	 433382
                	 2013 ST71
                	
                  18.1
                
                	
                  0.25
                
              

              
                	
                	 2009 VS116
                	
                  18.1
                
                	
                  0.25
                
              

              
                	
                	 2011 KT10
                	
                  18.4
                
                	
                  0.25
                
              

              
                	 452713
                	 2005 YP136
                	
                  18.6
                
                	
                  0.25
                
              

              
                	
                	 2014 OA86
                	
                  19.0
                
                	
                  0.25
                
              

              
                	
                	 2006 SD382
                	
                  19.1
                
                	
                  0.25
                
              

            


              Notes. H is the absolute magnitude, and δH its uncertainty, for objects detected by CSS and used in our simulation of the unbiased size frequency distribution of small fragments in the Datura family. Magnitudes of the first five objects were determined by our observations. Those of 90265, 89309 and 215619 used the measured HR and colors V−R (see Table 6). In the case of 60151 and 203370 we measured only HR, and assumed V−R = 0.46 mag, namely a weighted average of the measurements reported in Table 6. For fainter asteroids we augmented the MPC values by 0.3 as explained in the text.

            


  
    
      Fig. 16 
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               Two examples of a satisfactory fit of the observed (gray line and symbols) and modeled (black line and symbols) populations of the Datura family (we show the population except for the largest fragment (1270) Datura). The unbiased, source population shown by the dashed line is assumed to have two power-law segments with cumulative exponents α (large sizes) and β (small sizes) and a break at Dbreak. In the two cases we have: (i) α = 5.36, β = 2.11 and Dbreak = 1.08 km (top); and (ii) α = 9.50, β = 2.09 and Dbreak = 1.24 km (bottom). The source population is transformed to the modeled population by the CSS detection efficiency function from Fig. 15. The magnitude-size relation assumes geometric albedo pV = 0.24, and the error bars of the observed population are from the magnitude uncertainties in Table 8. The smallest sizes denoted by the light-gray region are heavily biased against detection: B< 0.05 in this case.

            

    

  
    
      Fig. 17 

      
        [image: thumbnail]
      

      
               Best-fit parameter sets (Dbreak;α,β) projected onto two dimensional planes: (i) Dbreak vs. α (top and left); (ii) Dbreak vs. β (bottom and left); and (iii) α vs. β (bottom and right). Symbols correspond to parameters that provided matches with the Kolmogorov-Smirnov distance dKS< 0.1 between the observed and modeled (biased) populations of Datura fragments.

            

    

  
    
      Fig. 18 

      
        [image: thumbnail]
      

      
              Left: correlated values of angular momentum vs mass content in Datura fragments (except for 1270 Datura) normalized by the angular momentum and mass of (1270) Datura. Symbols correspond to successful fits from Fig. 17. The shaded histograms on the top and on the right are one dimensional distributions of the respective quantity. Right: the same as on the left, but now showing true (debiased) number N500 of Datura-family fragments larger than 500 m vs number N200 of Datura-family fragments larger than 200 m in size. Magnitude-size transformation assumes albedo pV = 0.24.
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