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Introduction

Twin asteroid systems are particularly sought after because they allow not only to know their main physical characteristics, such as their mass and density, fundamental physical quantity that is otherwise difficult or impossible to obtain, but also to work on the scenarios of their formation.

Current shape knowledge of observed doubly synchronous binaries is mainly derived from photometric observation of mutual events between poorly-resolved components of the system, coupled with a theoretical approach based on hydrostatic equilibrium shapes [START_REF] Leone | Equilibrium models of binary asteroids[END_REF]. Such equilibrium shape models are elongated ellipsoids, which is a condition for a binary system to remain in a stable doubly synchronous orbit such that the mutual gravity torques exist to enforce the tidal locking. (Davis, A.B. and D.J. Scheeres, 2019). Mutual events enable measurement of the sizes and albedos of both objects, of their distinct surface compositions, and even of albedo patterns on their surfaces [START_REF] Michalowski | Eclipsing events in the binary system of the asteroid 90 Antiope[END_REF].

(3905) Doppler is a small main-belt asteroid. Its doubly synchronous binary nature was discovered fortuitously by graduate students in October 2013 [START_REF] Hayes-Gehrke | Lightcurve analysis of main-belt binary system 3905 Doppler[END_REF]. The composite light curve recorded in 2013 showed amplitude greater than 1 magnitude with sudden and deep luminosity drops, correctly interpreted as conspicuous features of mutual events between two well-detached components tidally locked in doubly synchronized rotation. For observable mutual events to happen either the observer or the Sun (or both) must be temporarily aligned with a system's orbit plane. An "occultation-type" event occurs when one component of the system passes in front of, and fully or partially occults, the other component from the observer's point of view. An "eclipse-type" event takes place when the system components are aligned with the Sun and the shadow of one falls on the other.

Whenever the Sun and Earth have nearly equal lines of sight to the system, mutual events observable from the Earth are combinations of occultation-type and eclipse-type events.

The small system of Doppler has been hitherto never monitored through a number of aspect and phase angles, so that the position of its spin axis remains unknown. As with other binaries, the eclipses present a unique opportunity to accurately measure the bulk density as well as the full geometry of the system in terms of shapes and mutual separation. The 2017 opposition was close to the 2013 opposition (Fig. 1) in terms of heliocentric ecliptic longitude so that it was reasonable to assume that mutual phenomena could occur again within the system. Moreover, this opposition is very favorable because it occurs near the perihelion putting Doppler at a distance of 1.0721au (opposition on October, 18 2017). This was the last opportunity before long (the next opposition similar to the 2013 opposition will occur in 2054, see Fig. 1) of a favorable opposition able to show such mutual phenomena. In this paper, we report the results of a coordinated campaign to observe such events and better constrain the physical parameters of the system. The following opposition of 2019 was also observed although the general geometric configuration of the system could not be conducive to the observation of phenomena (Fig. 1). However, it allows checking the validity of the general parameters of the system deduced from the observations of 2013 and 2017.

Observations

As the asteroid (3905) Doppler had an R-band magnitude of 14 at this time, all data were collected with small telescopes (D ≤ 1m) equipped with affordable CCD cameras. During three months, we performed photometric observations in the R-band. Aspect data are given in Table 1, including the date of the observation, the heliocentric longitude (λ) and latitude (β) of the asteroid, its phase angle (α) and its geocentric distance in au (r).

Table 1: To be inserted

The preliminary determination of the rotation period gave a long period of more than 50 hours. In order to obtain a composite light curve as complete as possible, a network of observers well distributed in terrestrial longitude has been set up (see Table 2). In this way, it was possible to catch several phenomena, partially or totally. Such detections are valuable because they impose strong constraints on the global model of the system and its spatial orientation.

It was also the opportunity to set up a collaboration with two French high schools as part of a teaching project related to the photometric study of asteroids. To this end, the Haute Provence Observatory has made available a 50cm telescope equipped with a CCD 2048 x 2048 -the IRIS telescope (iris.lam. 

Period determination

The Phase Dispersion Minimization (PDM) technique [START_REF] Stellingwerf | Period determination using phase dispersion minimization[END_REF] was used to search for the synodic rotation period within the photometric data. Based on a trial period, PDM bins data according to the rotational phase, where we assumed that two maxima and minima occurred per rotation, the average variance of these subsets is compared to the overall variance of the full set of observations. The best estimate of the period is that for which the ratio of the average variance within a bin to the variance of the sample, which defines the statistic θ, reaches a minimum. This method does not assume any sinusoidal variation of the lightcurve and is well suited for unevenly spaced observations. PDM finds all periodic components or subharmonics (alias periods). Thanks to our three months long span of observations, the periodogram for light-time corrected data of (3905) Doppler shows a salient minimum (θ = 0.17) corresponding to the synodic fundamental period Psyn = 2.1177±0.0008d (50.826 ± 0.002 h) (Fig. 2).

Fig.2: To be inserted

The inferred final composite light curve is shown in Figure 3. The abscissa is the rotational phase corrected for light time. The m1 and m2 eclipsing minima occur at 0.25 and 0.75 rotational phase. The photometric accuracy is of ~0.02mag. Light curves exhibit two components: the fundamental rotational light curve and the eclipsing light curve. The 2017 and 2019 light curves all show a regular amplitude variation of ~0.45 mags identical to that recorded in 2013 when the (3905) Doppler binarity was discovered. This indicates that in this dual system, the shape of each of the components is very different from a sphere, even slightly flattened. Several notches are clearly visible at the level of the minima of the light curves of 2017. These brief but significant drops come from phenomena of occultation of one of the components of the system by the other. Their shape and amplitude evolve over the duration of the three months of observation. This results from the slow change of appearance as well as the variation of the phase angle which attains 26° during the last observation of December 12, 2019.

Fig. 3: To be inserted

A geometric model of the system

Thanks to these notches in the nominal light curve, it will be possible to accurately determine the physical structure of the system as well as its spatial orientation. While in 2013 the magnitude drop caused by mutual occultation phenomena could reach 1.22 mag significant of a very low sub-observer latitude, during the campaign of 2017, we were able to record several phenomena of slightly variable amplitude ranging between ~0.15 mag (October 27, 2017) and ~0.3 mag (November 22, 2017). This means that in 2017 the system is no longer seen edge-on but its orbital plane has a slight inclination to the line of sight.

We applied a model of heterogeneous Roche equilibrium ellipsoids to the problem [START_REF] Descamps | Equilibrium figures of inhomogeneous synchronous binary asteroids[END_REF] assuming the same composition for each component. In this model, the internal structure is not uniform and is described by a power law distribution. It was already successfully applied to small double asteroids such as Lundia, Berna, Debussy and Tama [START_REF] Descamps | Equilibrium figures of inhomogeneous synchronous binary asteroids[END_REF]. It allows at the same time to determine the bulk density and the grain density on the surface and thus the macroscopic porosity. The only parameter of this density law is the exponent n. In the case n = 0, we have a uniform mass distribution as it is the case for (90) Antiope [START_REF] Descamps | A giant crater on 90 Antiope ?[END_REF], the first double asteroid discovered (Merline et al., 2000). From such a density law, we can infer a simple relation between the bulk density ρb and the grain density ρg of the constituent material:

3 2 3 b g n ρ ρ = + (1)
Four free parameters should be fitted: the normalized angular velocity Ω , which is a function of bulk density b ρ , the orbital frequency 2 P ω π = where P is the orbital period, the mass ratio q between the secondary and the primary , the exponent n of the internal density distribution power law and the limbdarkening parameter k if we adopt the simple Minnaert light scattering law [START_REF] Minnaert | The reciprocity principle in lunar photometry[END_REF]. The normalized angular velocity Ω is defined by

4 3 b G ω πρ Ω = (2)
Three of the four parameters -Ω , q and k -can be determined by simple graphical measurements of the light curve when the system is seen edge-on. The methodology is as follows. The duration of each event, T ∆ , when the system is observed equatorially, depends only two parameters: Ω and q. The relationship between the relative duration ΔT/P and the normalized angular velocity Ω can be readily derived from the equation for spherical bodies according to appendix A :

( )

3 3 3 1 3 1 1 q T P q π + ∆   Ω =     + (3) 
In other words, whatever the ellipsoid shapes and the mass ratio q, the value of Ω can be inferred simply by measuring the relative duration of events. To this end, we first considered the 2013 observation assuming that at this time the orbital plane lies in the line-of-sight plane. In short, the latitude of the sub-Earth point is near zero, which means that the rotation pole of the system is in the plane of the sky. The duration of each event is straightforwardly inferred from the light curve itself. We measured T ∆ = 2,67h ( 0.052 T P ∆ = in orbital phase). It is then necessary to estimate the mass ratio q. This is carried out graphically from the smallest minima according to the relation (see appendix B):

( )

2 3 2.5log 1 s mag q ∆ = + (4) 
Fig. 4: To be inserted

If we adopt the reasonable assumption that the two components are identical in composition and therefore have identical albedos, it is remarkable to point out that the drop of the shallow minima depends only on the mass ratio and not on the light scattering by the surfaces. In addition, this allows us to determine very precisely the mass ratio. As for the deepest minima, it depends on both the mass ratio and the limb darkening. The magnitude drop of the first minima is of 0.701 0.02 ± mag (Fig. 4), we infer 0.83 0.03 q = ± (or a size ratio of 0.94 0.01 ± ).

The knowledge of the mass ratio then makes it possible to determine the limb darkening parameter. It Due to a high relative separation, it is remarkable to note that the phenomena cannot exist as long as is sep l lower than 8°. This is found from the parameters of the solution because the limit angle 

+ +     ≈ ≈ = = °        (5)
The relative separation D is defined as ( )

p s a a d +
, where d is the orbital separation of the system, p a the semi-major axis of the primary and s a the semi-major axis of the secondary.

Fig. 6 shows the total amplitude of the light curve of Doppler and the magnitude differential between the two minima. As long as the latitude of the sub-Earth point is less than 0.3°, the light curve remains unchanged in amplitude, as does the differential in magnitude.

Fig. 5: To be inserted

With n = 9, we derived a non-physical value of the grain density of 28 g/cm 3 . It means that, despite the fact we successfully used a model in hydrostatic equilibrium inferred from the third law of Kepler, the system is clearly not in hydrostatic equilibrium. Nevertheless the inferred triaxial ellipsoids provide a good geometrical solution. Each component cannot be likened to a rotating fluid mass. We will deal with this issue in section 5.

Fig. 6: To be inserted

Pole solution

The change of shape of the light curve collected during the 2017 campaign, especially during the detected events, will enable us to determine as accurately as possible the position of the pole of the system. This time we can no longer consider that the orbital plane is in the line-of-sight plane. We will therefore seek to solve the following system which gives the position of the rotation pole from simple and relevant assumptions on the latitude of the sub-Earth point sep l [START_REF] Descamps | Nature of the small main belt asteroid 3169 Ostro[END_REF] 

δ δ δ δ α α δ α α δ δ δ δ α α = - - - = - - = - - (6) 
Fig. 7: To be inserted By taking two periods of observation for which the latitude of the sub-Earth point is known, we then obtain a system of two equations with two unknowns which it is easy to solve. We assume that 0.0 0.3 sep l = ± ° in 2013. This is a reasonable assumption given the amplitude of the magnitude drop (Fig. 4). For the observed event of October 27, 2017 and November 22, 2017 (Table 1), Fig. 6 

Discussion

Measurements of asteroid bulk density, along with data on the grain densities of analogue meteorites, provide valuable insight into asteroid porosity and internal structure. Given the bulk density that we derived ( 3.86 0.01 ± g/cm 3 ), the candidate meteoritic analogs should have a grain density no less than ~4 g/cm 3 which quite obviously rules out enstatite (typical density of 3.2-3.8 g/cm 3 ) and carbonaceous chondrites (density of ~1.6-3.1 g/cm 3 ) analogues [START_REF] Macke | Enstatite chondrite density, magnetic susceptibility, and porosity[END_REF][START_REF] Macke | Density, porosity, and magnetic susceptibility of carbonaceous chondrites[END_REF][START_REF] Carry | Density of asteroids[END_REF][START_REF] Britt | Asteroid density, porosity and structure[END_REF]. This density is typical of M-type asteroids [START_REF] Pätzold | Asteroid 21 Lutetia : Low mass, High density[END_REF][START_REF] Demeo | The taxonomic distribution of asteroids from multi-filter all-sky photometric surveys[END_REF][START_REF] Shepard | Radar observations and shape model of asteroid 16 Pysche[END_REF][START_REF] Viikinkoski | Psyche: A mesosiderite-like asteroid[END_REF]. So far, it has been possible to accurately measure the density of only two M-type asteroids with one or more orbiting moonlets. These are ( 22) Kalliope with a bulk density of 3.4 ± 0.2 g/cm 3 [START_REF] Descamps | New determination of the size and bulk density of the binary asteroid 22 Kalliope from observations of mutual eclipses[END_REF] and ( 216) Klepoatra with a bulk density of 3.6 ± 0.4 g/cm 3 and a macroscopic porosity of ~ 30-50% [START_REF] Descamps | Triplicty and physical characteristics of asteroid (216) Kleopatra[END_REF]. Furthermore, ( 21)

Lutetia was flew by ESA Rosetta spacecraft on July 2010 and its bulk density was precisely determined to 3.4 ± 0.3 g/cm 3 [START_REF] Pätzold | Asteroid 21 Lutetia : Low mass, High density[END_REF]. Finally, these lines of evidence tend to support the hypothesis that (3905) Doppler would be a M-type asteroid. The most likely meteoritic analogs for M-class asteroids and their associated grain densities are irons (~7.5 g/cm 3 ), CH/CB/bencubbinite (metal rich) carbonaceous chondrites or silicate-bearing iron meteorites (~5.0 g/cm 3 ), or even stony-iron meteorites such as mesosiderites (4.25 g cm -3 ) suggested in the case of asteroid ( 16) Psyche [START_REF] Viikinkoski | Psyche: A mesosiderite-like asteroid[END_REF]. Vernazza et al. ( 2011) reported that asteroid (21) Lutetia has spectral and physical properties similar to the class of meteorites knwon as even enstatite chondrites (~3.5 g/cm 3 ), however this analog may be ruled out due to a too low bulk density. Finally, our bulk density of 3.86 g/cm 3 could suggest a macroscopic porosity ranging between 20-40%. Such high porosities are suggestive of extensively fractured or loosely packed asteroids [START_REF] Britt | Asteroid density, porosity and structure[END_REF][START_REF] Scheeres | Asteroid interiors and morphology[END_REF].

However, the use of an inhomogeneous Roche model in the present work provided us with a physically unacceptable result in terms of macroscopic porosity or grain density (see Table 3). This means that the shapes of the components of the system are not equilibrium figures of rotating liquid masses. We can nevertheless make the hypothesis that these bodies have stopped deforming due to the combined effect of moderate porosity and high density of the material. Beyond a certain point, internal friction between boulders may have prevented any fluid-type deformation. All synchronous double systems studied so far have a much lower internal density while having equivalent macroscopic porosity. This is probably the reason why the modeling using rotating fluid masses in hydrostatic equilibrium gives good results.

Keeping the same bulk density but imposing a porosity of 40% (and thus a realistic grain density g ρ = 7 g/cm 3 ), one realizes that one can find equilibrium figures which are identical to the ellipsoidal shapes found in this paper but for a lower value of the orbital period of 10.34h ( 0.159 Ω =

), which implies that the system could have been much tighter in the past with a relative separation of 0.581 D =

, typical of small double asteroids observed so far [START_REF] Descamps | Equilibrium figures of inhomogeneous synchronous binary asteroids[END_REF]. Beyond this point, the system might have been able to continue to tidally evolve up to its present equilibrium state without any subsequent distortion of the shapes of both components. In other words, depending on the level of macroscopic porosity and bulk density, a loosely packed doubly synchronous asteroidal system, tidally locked, could exhibit fluid-like behavior in hydrostatic equilibrium as long as internal friction effects remain low enough to be able to counteract any deformation of the bodies. Discovery of other synchronous double systems with relative separation D significantly lower than 0.5 could provide some answers concerning the links between equilibrium figures and bulk density ( )

3 1 p R q d   Ω = +     (A.3) Let p p R d ε = and s s R d ε =
, the angles defined on Fig. A1. During an event of duration T ∆ , the occulting body (secondary) have described along its orbit an angle 2 2 p s ε ε + . Since the time taken to complete a complete orbit is P, the orbital period, we have ( )

2 2 1 2 p s p s T P ε ε ε ε π π + ∆ = = + (A.4)
Replacing p ε and s ε by their expressions ( )

1 3 1 1 1 1 2 p p s p R R R T q P d R d π π   ∆ = + = +       (A.5)
We infer ( )

1 3 1 1 1 2 1 p p s p R R R T d d R P q π π   ∆ = + =     +   (A.6)
Hence, from equation (A.3) we derive the general relationship ( )

3 3 3 1 3 1 1 q T P q π + ∆   Ω =     + (A.7)
In the case of a double system have with a mass ratio very close to 1, (A.7) simplifies such that the angular velocity is then very poorly sensitive to the mass ratio

3 3 4 T P π ∆   Ω =     (A.8)
Finally, the measurement of the duration of an eclipsing event inside the system, gives the value of the specific angular frequency and therefore the value of the bulk density from equation (A.1).

Where ( ) A α and ( ) k α are the two Minnaert parameters which are functions of α and of the wavelength. It is well known that Eq. (B.1) is only a crude approximation to the scattering properties of real surfaces. However phase angle lower than ~30°, Minnaert's law can be used as a convenient approximation (except in the immediate neighborhood of the limb where the Minnaert function predicts values approaching either infinity, when k is less than one, or zero, when k is greater than one). ( )

k α
cannot be easily interpreted according to physical properties of the surface; it presents the degree of limb darkening, e.g. 0.5 k =

, indicates that there is no limb darkening, while limb darkened surfaces have 0.5 k > . On the condition 1 k = , Minnaert model shrinks to the Lambert model which describes the reflected light behavior from high-albedo surfaces.

Let us adopt a rectangular system of coordinates, two axis of which lie in the "photometric equator".

The photometric equator is the great circle passing through the subsolar and sub-earth points. Photometric longitude, λ , is measured along the photometric equator, and photometric latitude, ϕ , is measured along the central meridian which is the perpendicular great circle (Fig. B1). At phase angle α , the photometric longitude runs from 90° at the limb to ( ) The total light loss from the primary is then

( ) ( ) ( ) ( ) ( ) ( ) ( ) 0 0 0 0 2 2 , 2 2 2 1 , 2 , , ,
, , cos cos cos cos cos

p p Min k k k p Min I R k q R r i e d d R d d ϕ λ λ π ϕ λ α λ ϕ λ λ π ϕ λ α λ α α λ ϕ ϕ λ λ λ α ϕ ϕ λ -   -+ -     + -   -+ -     = = - ∫ ∫ ∫ ∫ (B.7)
Hence it follows that the deepest magnitude drop

d mag ∆ is expressed by ( ) ( ) 2 3 2 3 1 2.5log 2.5log , , , 1 , , , p s d s p p p p I I q mag I I I R k q q I R k q I α α     + +     ∆ = =     + - + -     (B.8)
The offset in magnitude drop is straightforward The effect of the latitude of the sub-Earth point shows that very quickly, as soon as the orbital plane of the system is sufficiently inclined over the line of sight, the events disappear. 

( ) ( ) 2 3 1 , , 2.5log 1 , , , d s p p dmag k q mag mag q I R k q I α α     = ∆ -∆ =   + -   (B.
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Fig. 1 :

 1 Fig.1: To be inserted

  fr)dedicated to teachers in the framework of the program Introduction to astronomy research for schoolchildren driven by the Laboratoire d'astrophysique de Marseille (LAM).

  Fig 5 shows the deformation of the light curve as a function of the latitude of the sub-Earth point sep l .

  . The latitude of the sub-Earth point ( sep l ) and the North Pole position angle ( p n ) are related to the equatorial coordinates of the rotation pole ( )

  allows us to estimate the value of sep l knowing the maximum amplitude of the magnitude drop. With an amplitude of 0.6mag in October 2017 and 0.75mag in November 2017 (Fig.7November 2017. With these initial values, we find one unique pole solution able to account for all observations. Table4gives the final solutions to the system [6] for two pairs of dates. The correct solution is the one that is common to both systems. We found the better solution for the pole solution in equatorial

Fig. 8 :

 8 Fig.8: To be inserted

  at the terminator. From Fig.B1, obviously we have the following relation between (i,e) and ( ) , λ ϕ for a given phase angle : for the radius of the body. Each element of area ds on the planet is weighed by its apparent projected area ( cos eds ds µ =) and surface brightness. The total light of sunlit body the Earth at any particular phase will then be obtained by integrating the light element over the entire visible surface ( 0 when the secondary is occulted by the primary (Fig.B1) depend on both phase angle and scattering by surfaces. The problem is slightly more complicated in the case where the secondary occults the primary. Part of the light scattered by the primary is then intercepted by the secondary and is somehow replaced by that from the secondary. The surface area of the primary that is masked by the secondary appears hatched in Fig.B1. The intersection of the projection of the secondary on the surface of the primary defines a circular contour whose points are linked by the following

  on Fig. B.2 for different phase angles and values of the limb darkening parameter k. The offset in magnitude is an increasing function of the limb darkening parameter, however it remains below ~0.2mag for most of the applications.

Fig

  Fig.B.2: To be inserted

Figure 1 :

 1 Figure 1: List of oppositions of Doppler in the interval 2013-2055 reported in ecliptic longitudes. In blue the Earth orbit and in red the Doppler orbit. Doppler was discovered as a double system during the 2013 perihelic opposition. P is the perihelia and N the ascending node.

Figure 4 :

 4 Figure 4: Synthetic light curve superimposed to the light curve of Doppler observed in 2013. Durationsof the events are shown as well as the amplitudes of the rotational light curve (0.45 mag) and the magnitude drops (0.701 mag and 0.775 mag). The durations should be equal. The amplitude of the first drop depends only on the mass ratio of the components. The amplitude of the second drop depends on both the mass ratio and the limb darkening parameter. The duration of an event depends on the bulk density and, to a lesser extent, on the mass ratio. Therefore, from the graphical analysis of the light curve, we can unambiguously determine the type of light scattering by the surfaces, the mass ratio between components and the bulk density as well.

Figure 5 :

 5 Figure 5: Synthetic light curves resulting from the solution obtained for the binary system of Doppler.

Figure 6 :

 6 Figure 6: Evolution of the amplitude of the light curve of Doppler and the magnitude differential as a function of the latitude of the sub-Earth point. In October and November 2017, small amplitude events were detected, which makes it possible to estimate the value of the latitude of the sub-Earth point for these epochs required for deriving the pole orientation.

Figure 8 :

 8 Figure8: Full events detected on the same minima on October, 27 and December, 12. Owing to the fact that the phase angle was important, the phase effects and mutual shadowing play a crucial role in defining the morphology of the light curve.

Figure A. 1 :Fig. B. 1 :

 11 Figure A.1: Schematic diagram of a double system whose components are spherical.

Fig. B. 2 :

 2 Fig. B.2:Offset in magnitude between minima as a function of phase angle, α , mass ratio, q, and limb darkening parameter, k.
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Table 1 :

 1 [2003][2004][2005][2006][2007] observational circumstances. The heliocentric longitude (λ) and latitude (β) of the asteroid, its phase angle (α) and its geocentric distance in UA (r).

	* see Table 2

Table 2 :

 2 List of the observers with theirs facilities.

	Observers	Observatory	Aperture
			(m)

Table 3 :

 3 -Solutions of the inhomogeneous Roche problem. The bulk porosity includes the small-scale microporosity and the large-scale macroporosity (empty space). The primary and the secondary are

	described by their semi-axes (	, , p a b c p	p	)	and (	) a b c . The relative separation D is defined , , s s s
	as (	) / a a d p s +	, where d is the orbital separation of the system. Values of macroscopic physical
	parameters (grain densities and bulk porosities) are intrinsically connected with the adopted model of
	internal density distribution.											
	Synodic period (h)		Ω	q	n	b (g/cm 3 ) ρ	g (g/cm 3 ) ρ	p	p b a	p	p c a	p	s b a	s	s c a	s	D
	50.826	0.033 0,88	9	4.02		28.1		86% 0.746 0.676 0.699 0.637 0.207

Table 4 :

 4 -Resolution of the system[5] for two pairs of dates. sep l is the latitude of the sub-Earth point. J2000 equatorial coordinates of (3905) Doppler are given for each epoch. The pole solutions are given

	in J2000 equatorial coordinates.			
	31 October 2013	27 October 2017	Pole 1	Pole 2

Code

Berthier, J., Descamps, P., 

Appendix A: Duration of an event within a binary system

Where G is the gravitational constant and b ρ the bulk density. The synchronous system is made of two components of radius p R (primary) and s R (secondary) with s p R R ≤ . p M and s M are the masses of the primary and the secondary respectively. Let q the secondary to primary mass ratio: ( )

The separation between each component of the system is equal to d. From the third law of Kepler, we have ( )

Then the specific angular momentum reads Appendix B: General magnitude drops in a binary system seen edge-on We propose to calculate the drops in magnitude occurring within a binary system as a function of phase angle and photometric behavior of surfaces, assuming that it is seen edge-on. Furthermore, it is reasonable to assume that the two components are largely identical in composition and therefore should have very similar albedos as it was already observed for a couple of binary systems [START_REF] Laver | Component-resolved nearinfrared spectra of the (22) Kalliope system[END_REF], Marchis et al., 2011). For example, mutual events within the binary system Patroclus-Menoetius were used to derive thermo-physical properties of the surface of both objects [START_REF] Mueller | Eclipsing binary Trojan asteroid Patroclus: Thermal inertia from Spitzer observations[END_REF]. The observations are consistent with identical surface regolith properties. Therefore, in the rest of the work, we have assumed identical surface properties of both components. To this purpose we model the scattering by the Minnaert's function [START_REF] Minnaert | The reciprocity principle in lunar photometry[END_REF]. The Minnaert model is an empirical photometric function with two parameters, the Minnaert albedo and the limb-darkening coefficient, representing the light scattering behavior across the surface. The bidirectional reflectance refers to the fraction of light scattered into direction e when the surface is illuminated by collimated incident light in direction i. It is the intensity of scattered radiance in a specific direction to the incident solar irradiance on a unit area of the surface. The reflectance ( )

r i e α is usually a function of phase angle α , incidence angle i of sunlight (through its cosine 0 cos i µ =

), i.e., the zenith distance of the Sun, and emission angle e (through cos e µ =

), i.e., the zenith distance to the observer :