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1-Purpose of the visit
Simulation of the Gaia asteroids photometry

The fraction of asteroids with known shapes, masses or densities remain very small today compared to the known population of several 105 objects, yet this information is crucial for constraining their internal structure and, in turn, the collisional evolution of the Solar System.

Disk-integrated photometry has been historically one of the first techniques adopted to derive some important physical information about asteroids. In particular, due to the fact that asteroids are generally non-spherical objects, the amount of sunlight scattered along the direction to an observer changes with time. When a number of lightcurves taken from the ground at different apparitions are available, it is then possible to derive information about the overall shape of the object, the rotation period, and the direction of its spin axis. Thanks to photometry, ~200 asteroids have today a known rotation vector and an approximate shape.

Gaia will observe ~250,000 asteroids in the Main Belt, and will provide 50-100 photometric measurements for each of them, over 5 years. During the preparation of the data reduction chain, it has been shown that – in principle - Gaia asteroid photometry can be used to compute the spin pole coordinates and the rotation period for each object. Also, a shape can be derived, provided that few parameters are used. The chosen approach contemplates using three-axial ellipsoids, which can be described by two axis ratios only. However, Gaia will fail providing precise size measurements, with the probable exception of a few hundreds of the largest bodies.

Other techniques will thus remain crucial in the future for progressing in the size inventory. Most notably, thermal infrared observations can be used for this task. By applying thermo-physical models (TPM) a better knowledge of the properties of asteroid surfaces and an estimate of volumetric sizes can be obtained. Today, data coming from ground-based facilities of by space telescopes such as IRAS and Spitzer are commonly employed for this task. In ~1 year from now, 100,000 thermal infrared observations of asteroids by Wide-Infrared Survey Explorer (WISE) will become available, enormously expanding the population to which this method can be applied.

TPMs compute the temperature distribution on the surface of an object, and require shapes and spin-pole solutions in order to calculate model fluxes. The latter are compared to measurements in the thermal infrared for better constraining the size of an asteroid. The quality of the result depends strictly upon the accuracy of the determination of the visual brightness of the object.

It is thus clear that the database of photometric measurements from Gaia will be an extremely valuable reference for reducing thermal infrared observations, in particular for the comparable number of objects observed by WISE. 

TPM results are also very sensitive to the knowledge of the shape, which directly determines the apparent surface of the object at a given epoch. In fact a spinning, irregular body changes its sky-projected shape over time. In principle, if a shape model was accurately known, together with the spin axis direction and the rotation period, the apparent brightness of the asteroid at the epoch of the thermal infrared observations could be computed precisely.

In practice, this is seldom the case and this problem poses practical limits to the relative accuracy of size determinations to 20% or worse. Shape data coming from Gaia can be very relevant in this respect, but further investigations have to be carried out for fruitfully using them. 

In fact, in general the applicability of the ellipsoid approximation is poorly known. Today, most asteroid light-curves are inverted by algorithms capable of producing complex shapes described by several parameters. The results, under the form of volumes enclosed in triangular meshes, have been validated by comparison to Adaptive Optics or space probe images.

It has been suggested in several publications that, for several objects, complex shapes of this kind can be closely fitted by ellipsoids. The pourpose of the visit is to investigate how a three-axial ellipsoids can fit an asteroids complex shape and how well the ellipsoids that will be found by Gaia mission represent the actual shapes of asteroids.

Binary asteroids and shape determination

Asteroids, remnants of the building blocks of terrestrial planets, suffered an intense collisional life. We believe that most objects below 50 km are “piles of rubble” held together by gravity alone, but a confirmation of this model is very hard to obtain due to the lack of knowledge on their interiors. Small binary asteroids, i.e. systems of two asteroids orbiting their common center of mass, discovered by photometry, are a precious source of information but have never been fully characterized.

From detailed observations (such as multi-epoch photometry) spin properties and bulk density can be estimated. So we have started to measure the lightcurves of a sample of photometrical-discovered binary eclipsing Main Belt asteroids. Observations were carried out within the program GBOT (Ground Based Optical Tracking) of Gaia.

We stress here that rotation periods are known in general, but very basic properties (as the maximum lightcurve amplitude directly related to shape) are missing in most cases. Even a single additional lightcurve can usually be sufficient for improving the rotation period, contributing to shape and spin axis determination for the primary. Multiple epochs will allow us to extend this to a unique solution for mass, object size and  shape, and hence allow testing of the rubble-pile hypothesis. 

2-Description of the work carried out during the visit 

a-Simulation of the Gaia results on asteroids

The photometric observations carried out on the asteroids by the Gaia mission will be sparse. With this data you cannot perform a full photometric inversion to reconstruct the complex models of the asteroids (with the classical Kaasalainen method) but, more simply, you can obtain the ellipsoid that best approximates the collected lightcurves with a rotation period and the coordinates of the pole. To see how reliable are the results that can be obtained by Gaia on asteroids, a pipeline of simulation has been implemented. This pipeline process the asteroids complex models to extract the corresponding best-ellipsoidal models and with the TPM, used at visible wavelengths, simulate the results of the Gaia observations. At this point, using the same software that will be used with Gaia, it is possible to derive rotation period, pole coordinates and ellipsoid shape for each simulated observations. Finally, these simulated results can be compared with the original asteroids shape (both complex and best-ellipsoidal) to see how the results are in agreement. This will clarify the role of Gaia asteroid photometry in future investigations of asteroid physical properties.
As a typical targets of the Gaia observations, have been chosen the Main Belt asteroids (MBAs) and the complex models of the asteroids were taken from the Database of Asteroid Models from Inversion Techniques (DAMIT). DAMIT it’s a database of three-dimensional models of asteroids that were computed using lightcurves inversion techniques. The database and its web interface is operated by The Astronomical Institute of the Charles University in Prague, Czech Republic. 

The DAMIT Web address is: http://astro.troja.mff.cuni.cz/projects/asteroids3D/web.php.
The reduction/simulation pipeline was written in classical C-language under Linux OS, and consists of the following elements:

· extract_dp.c This software extract diameter and period of the asteroids with a known complex model from the ALCDB (Asteroid LightCurve Data Base, version of 2010 May, care of Alan W. Harris and Brian D. Warner of Space Science Institute and Petr Pravec of the Astronomical Institute, Czech Republic). In this way it is possible, in case, to correlate the diameter and period values with the semi-axis values of the best-fit ellipsoids.

· extract_data.c This software extracts the data of the MBAs with a certain taxonomic type and was used to create the data files for each taxonomic type. For the simulations of the Gaia observations S-type asteroids were chosen.

· damit2obj_auto.c Software for the automatic conversion of the files with the complex asteroids model (i.e. DAMIT format), in wavefront format. This last format is more suitable for the numerical calculus and is compatible with the TPM software.

· mesh2ellips2auto.c Software to calculate the best-ellipsoid shape that interpolates the complex shape of an asteroid (in wavefront format), from lightcurves inversion or numerical simulation. The spin axis of the ellipsoid is put in the same way of the complex model. In order to obtain the best-fit ellipsoid, the software find the parameters values for which the rms is minimal, varying one parameter at a time in the direction in which the rms decreases. Here, the rms is the algebraic distance between the complex shape model and the guest canonical ellipsoid. The volume of the complex model and the corresponding best-fit ellipsoid are equal.

· ellips2mesh2auto.c This software create the triangular mesh grid for the best-fit ellipsoids and save the files in wavefront format. The output files can be directly read from the software Meshlab (http://meshlab.sourceforge.net/). MeshLab is an open source, portable, and extensible system for the processing and editing of unstructured 3D triangular meshes. The system is aimed to help the processing of the typical not-so-small unstructured models arising in 3D scanning, providing a set of tools for editing, cleaning, healing, inspecting, rendering and converting this kind of meshes (see Figure 1 and 2).

· Simulation_lightcurve.sh Bash script for the generation of a synthetic lightcurve for a list of Julian dates that can simulate the results of the Gaia observations. This script use the asteroids complex and best-ellipsoidal models that came from the previous software together with the TPM (thermophysical model) developed by Marco Delbo. This latest software has been partially rewritten to adapt it to the needs of the calculation of the apparent visual magnitudes of asteroids. 
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Figure 1 – The complex shape model of the asteroid (192) Nausikaa (red surface) superimposed to the corresponding best-fit ellipsoid (white surface). The z-axis is long the asteroid spin vector.
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Figure 2 – The shape model of the asteroid (234) Barbara (red surface) superimposed to the corresponding best-fit ellipsoid (white surface). The z-axis is long the asteroid spin vector.

Description of the main results obtained

After the generation of the best-fit ellipsoids from the asteroids complex models, we have compared the corresponding lightcurves with different phase/aspect angle. We have used the models of five S-type MBAs: (3) Juno, (9) Metis, (192) Nausikaa, (234) Barbara and (484) Pittsburghia, with a trend of increasing irregularity in shape and a decreasing of the effective diameter. The spin axis was not that of the real asteroid but was taken on the ecliptic plane, in the reverse direction of the gamma-point, to highlight the differences. 

The result for (3) Juno is shown in Figure 3 but for the other asteroids considered here the trends are similar. Just for high aspect angles, and every phase angle, the best-fit ellipsoidal model becomes a good approximation of the real asteroid lightcurve, in all other cases the agreement is poor.

For the simulation of the Gaia observations of the first 2000 numbered asteroids has been used the software written by F. Mignard and P. Tanga and implemented in Java by Christophe Ordenovic (OCA). This software is capable of simulating the observation sequence for Solar System objects as seen by Gaia. With this list of dates, have been calculated the apparent magnitudes for the five asteroids mentioned above (now with the real spin and period). As a model for the light scattering of the asteroid surface has been used that of Kaasalainen (0.1 Lambert scattering + 0.9 Lommel-Seeliger scattering) and the magnitude was corrected for the varying distances from the Sun and the Earth. On these simulated observations, we have used the photometric inversion software for ellipsoidal shape, spin and period written by Alberto Cellino (Turin Astronomical Observatory), which will be used for the analysis of the Gaia real data. The data are still in elaboration but, from the first results, it seem that the ellipsoids from sparse photometry inversion are strictly related to the best-fit ellipsoids for shape, spin and rotation period.
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Figure 3 - Comparison of the lightcurves obtained at different phase angles and aspect for the complex model (blue line) of the asteroid (3) Juno and the corresponding best-fit ellipsoid (red line).

b-Lightcurves of binary asteroids
In Table 1 are exposed the photometric results about binary asteroids observations for the period that came from November 2010 to February 2011. The observations were carried in R band with the RATCAM CCD of the Liverpool Telescope in the course of test observations for the Gaia workgroup GBOT (Ground Based Optical Tracking). The Liverpool Telescope, or “LT”, is a fully robotic astronomical telescope owned and operated by the Astrophysics Research Institute of Liverpool John Moores University (UK). The telescope itself is a two-meter Cassegrain reflector, with Ritchey-Cretien hyperbolic optics, on an altazimuth mount. The telescope it’s sited at the international Observatorio del Roque de los Muchachos on the summit of the island of La Palma (Canaries, Spain). The telescope worked very well during the period, but in some cases the CCD field of view (about 5´×5´) was too little in order to have a good numbers of comparison stars.

For one session of the asteroids (3673) Levy and (3749) Balam, also observations make by Alexandre Humberto Andrei with the MPG/ESO 2.2-m telescope are included.  

For the lightcurves reduction, i.e. images analysis and differential photometry, two photometric software was used. The first is PRAIA, developed by Marcelo Assafin, of the Rio de Janeiro Astronomical Observatory. PRAIA stands for Platform for Reduction of Astronomical Images Automatically. It is based on source codes written entirely in standard fortran-77 and can performs precise astrometry, aperture and PSF photometry. PRAIA is a candidate choice for the ground-based follow-up of asteroids discovered by Gaia. This software was presented in Paris at the workshop Gaia-FUN-SSO (see below). The second software is MPO Canopus, developed by Brian Warner, which implements the FALC analysis algorithm developed by Alan Harris.

Table 1: Observations of binary systems.

	Name
	Observation  dates
	Observation number
	Period primary
	Satellite period
	Found primary period
	Notes

	
	
	
	
	
	
	

	(2754) Efimov
	20110114
	4
	2.4497±0.0002 h
	14.765±0.01 h
	2.4499 ± 0.0004 h
	

	
	20110117
	9
	
	
	
	

	
	20110118
	13
	
	
	
	

	
	20110119
	4
	
	
	
	

	
	20110212
	14
	
	
	
	

	
	20110214
	16
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	(3309) Brorfelde
	20100823
	6
	2.5041 ± 0.0002 h
	18.45 ± 0.01 h
	2.52 ± 0.01 h
	

	
	20100824
	13
	
	
	
	

	
	20100825
	1
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	(3623) Chaplin
	20100823
	4
	8.361 h
	?
	8.46 ± 0.03 h
	

	
	20100824
	8
	
	
	
	

	
	20100825
	7
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	(3673) Levy
	20100823
	9
	2.68745 ± 0.00004 h
	21.67 ± 0.01 h
	2.6722 ± 0.0003 h
	

	
	20100825
	13
	
	
	
	

	
	20100826
	2
	
	
	
	

	
	20100806
	32
	
	
	
	ESO session

	                    
	
	
	
	
	
	

	(3749) Balam
	20100803
	1
	2.80483 ± 0.00002 h
	33.38 ± 0.02 h
	2.80 ± 0.03 h
	Probable mutual event but not sure.

	
	20100804
	12
	
	
	
	

	
	20100805
	2
	
	
	
	

	
	20100806
	5
	
	
	
	

	
	20100806
	45
	
	
	
	ESO session

	
	20101012
	4
	
	
	
	

	
	20101017
	3
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	(3782) Celle
	20110212
	24
	3.839 h
	36.57 ± 0.03 h
	3.8405 ± 0.0013 h
	

	
	20110214
	8
	
	
	
	

	
	20110216
	27
	
	
	
	

	
	20110217
	26
	
	
	
	Mutual event!!

	
	20110224
	20
	
	
	
	

	                    
	
	
	
	
	
	

	(4607) Seilandfarm
	20100804
	14
	3.9683 ± 0.0001 h
	31.63 ± 0.02 h
	4.023 ± 0.0002 h
	

	
	20100805
	1
	
	
	
	

	
	20100806
	3
	
	
	
	

	
	20100807
	4
	
	
	
	

	
	20101116
	6
	
	
	
	

	
	20101117
	4
	
	
	
	

	
	20101118
	4
	
	
	
	

	
	20101119
	3
	
	
	
	

	
	20101122
	5
	
	
	
	

	
	20101123
	6
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	(6244) Okamoto
	20110220
	5
	2.8958±0.0001 h
	20.32±0.01 h
	2.890 ± 0.001 h
	

	
	20110222
	10
	
	
	
	

	
	20110223
	22
	
	
	
	

	                    
	20110226
	8
	
	
	
	

	
	
	
	
	
	
	

	                    
	
	
	
	
	
	

	(6708) Bobbievaile    
	20101117
	15
	8.221 ± 0.002 h
	24.7 h
	---
	Only one comparison star.

	
	20101118
	5
	
	
	
	SNR too low.

	
	20101120
	15
	
	
	
	SNR too low.

	
	20101121
	14
	
	
	
	SNR too low.

	
	20101123
	3
	
	
	
	SNR too low and few comparison stars.


Description of the main results obtained for binary asteroids
The lightcurves of binary asteroids collected during the stage at the Nice Observatory are not yet sufficient to try to get the shape and the pole of the primary body of the binary system, other observations will be needed at different heliocentric longitude. 

In any case, in Figures 4, 5 and 6 shows the typical lightcurves of the asteroid (3782) Celle, the only object that has been shown also a mutual event during the observation period.

In the Figure 7 and 8, are also shown the lightcurves of the asteroid (3673) Levy, taken from ESO in the first days of August and at the month end from the Liverpool Telescope. The lightcurves shown an evolution between phase 0.20-0.30, and this can suggest a complex shape for the primary object of this binary system.
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Figure 4 – The lightcurves of asteroid (3782) Celle obtained with the photometric observations performed with the Liverpool Telescope. In the session of 2011, February 18 there is a mutual event that dramatically change the usual lightcurve.
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Figure 5 – The lightcurve of the primary object only, with the subtraction of the mutual event.
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Figure 6 – The lightcurve of the mutual events only.
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Figure 7 – The lightcurve of (3673) Levy taken from MPG/ESO 2.2-m telescope.
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Figure 8 – The lightcurve of (3673) Levy taken from the Liverpool Telescope.

3-Future collaboration with host institution

Future collaboration with the l’Observatoire de la Cote d’Azur is possible and will be on the research fields started during the grant, i.e. prosecution of the theoretical analysis of the limit of the Gaia photometric observations on asteroids and photometric observations of binary system. In this last research field, the OAVdA main telescope (Ritchey-Cretien reflector 0.81-m, f/8) can be usefully employed. 

In the period from November 28, 2010 to December 1, we also participated to the Gaia-FUN-SSO (Gaia follow-up network for the Solar System Objects), held at the Paris Astronomical Observatory. In this meeting it was presented a speech entitled “The Instruments of OAVdA Astronomical Observatory” (proceeding paper submitted), and there is the possibility for future collaboration with the Gaia-FUN-SSO as regards the follow-up of the NEAs that will be discovered.

4-Projected publications/articles resulting or to result from the grant

A paper on the results obtained with the simulation of the Gaia observations, with tentative title “Validation of shapes models for the inversion of Gaia photometry asteroids”, is scheduled for Astronomy & Astrophysics and will be completed in the next months. On the same topic is scheduled also a talk at the workshop “Solar System science before and after Gaia” that will be in Pisa (Italy), from May 4 to 6, 2011. There is also a paper about the lightcurves and shape of the asteroid (234) Barbara that will be submitted to A&A. Of course, in all these occasions, the European Science Foundation grant will be acknowledged.

