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Using results from a new, generalized theory of radiative transfer in 
rough and porous surfaces, we have developed a method for calculating the 
phase-dependent brightness variations of asteroids, satellites, the Moon, and 
Mercury. A particular advantage of our method is that the disk-integrated 
magnitudes of these diverse bodies can be calculated in a uniform way using 
just two parameters. Furthemre, there is a good expectation that labora- 
tory photometric measurements of planetary surface analogues may, for the 
first time, be quantitatively compared to telescopic observations of solar 
system objects. For a rigorous exposition of the multiple-scattering theory, 
the reader is referred to L m e  and Bowel1 (1,Z) ; a descriptive treatment has 
been given by Bowell and Lumme (3); and an application of the theory to the 
interpretation of laboratory sample photometry is given in a companion 
abstract by Lumme et aZ. (4). 

Phase curves. 1Ve are now clear that two components control the shapes of the 
phase curves of atmosphereless bodies. ?he first, due to singly scattered 
light, depends on the surface texture. Specifically, the volume density of 
the surface layer affects the size and width of the opposition effect, andthe 
surface roughness determines the slope of the phase curve away from opposition. 
The second component is characterized by the proportion of multiply scattered 
light, and its effect is almost independent of phase angle. 

From an analysis of more than 80 well-defined phase curves, we haveshown 
that the textures of almost all asteroid and satellite surfaces are closely 
similar: they are moderately porous and moderately rough on a scale greater 
than the wavelength of light and appear to be particulate (see also Lumne 
et aZ. (4)). This similarity implies that only the multiple-scattering com- 
ponent varies from object to object. Figure 1 shows a family of theoretical 
phase curves in which only Q, the fraction of multiply scattered light, 
varies. Iie have termed Q the multiple-scattering factor. As Q increases, the 
slope of the phase curve decreases, and the relative importance of the oppo- 
sition effect is diluted. m(a) is the light drop, in magnitudes, from zero 
phase angle. Also shown in Figure 1 are phase curves and observations (sym- 
bols) for the dark C asteroid 1 Ceres, the U asteroid 4 Vesta (adapted from 
Bowel1 and Lumme (3 ) ) ,  and the bright ice-covered Galilean satellite Europa 
(from Lockwood et aZ. (5)). We note that in all cases the theoretical phase 
curves match observations within the Limits of observational error. 

uations. If m(a) is the theoretical representation of the phase curve of an 
k t h  multiple-scattering factor Q, and (1) (a) the single-scattering 
phase function for a very dark object having same surface texture, then 

a, and al are constants for the object, given by 

a0 = Q 10-0.4m(0°) , al = (1-Q) 10- 0. 4m(0°) 

The magnitude m(OO) refers, explicitly, to zero phase. The kernel of the 

Ye0 ry is the rigorous derivation of the single-scattering phase function 2 )(a) in terms of the surface volume density and roughness. A good numeri- 
cal approximation at small and moderate hase angles is: 

(a) = 1 - 
s m  & 

; O<ar30°. 0.124+1.407 sin a-0.758 sin2a - (2) 
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Figure  I .  Observations and theoret ical  phase curves. 

Another approximation is available for larger phase angles. 

Ignoring rotational brightness variations, the magnitude of an atmosphere- 
less solar system body in the V band, say, is given by 

Here, we equate V(a) with m(a), where m(a) is understood to be the magnitude 
of the object at unit heliocentric and geocentric distances, and phase angle 
a; and r and A are the heliocentric and geocentric distances of the object, 
expressed in a.u. 

From equations (1) and (2) it is apparent that the phase-dependence of 
the magnitude can be calculated if V(OO) and Q are knohn. We are aware of 
reliable phase curves for 78 asteroids, Mercury, the Moon, Deimos, the four 
Galilean satellites, and the Saturn satellites Tethys, Dione, Rhea, and 
Iapetus. Values of V(OO) and Q for selected objects are given in Table I. 

Table I. V(OO) and Q for selected objectsa 

Mercury 
Moon 
1 Ceres 
2 Pallas 
3 Juno 
4 Vesta 
Europa (W) 
Ganymede (W) 
Iapetus (E) 
Iapetus (W) 

-0.46 mag 0.14 
-0.10 0.14 
3.32 0.06 
4.09 0.05 
5.22 0.10 
3.20 0.21 
-1.32 0.72 
-2.11 0.59 
2.30 0.11 
0.57 0.46 

a~dapted from L m e  and Bowel1 (2) . 
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A scheme for the future calculation of magnitudes. We perceive several dis- 
advantages in the present ways of calculating magnitudes of solar system 
bodies : 

(1) Magnitudes of asteroids and satellites are calculated using empirical 
formulae that have no physical basis. 

(2) At small phase angles, asteroid phase curves are affected by an opposi- 
tion effect, whereas at a z 8O they are described by a linear phase coef- 
ficient. Magnitudes of planetary satellites, on the other hand, have 
often been calculated with the assumption of a linear phase dependence 
over their (generally) small range of phase angles. Thus, calculated 
magnitudes of asteroids and satellites cannot properly be compared. 

(3) There has been no satisfactory way of predicting the magnitudes of atmo- 
sphereless solar system objects at phase angles larger than observable 
from Earth. 

(4) The adoption of one single phase coefficient for all asteroids has led to 
errors, not only in the predicted magnitudes, but also in the diameters 
estimated from radiometric and polarimetric observations. 

Use-of Y and V(OO) to describe'the phase variation of the entire spectrum 
of atmosphere ess objects, ranging in albedo from the darkest C asteroid to 
ice-covered satellites, and in size from the smallest observable asteroid to 
Mercury and Ganymede, has the obvious advantage of putting the calculated mag- 
nitudes on a uniform, and therefore intercomparable, basis. Additionally, Q 
has a well-defined physical meaning and applies to all phase angle ranges. 

Since the various asteroid types span a considerable range of albedos, it 
might be appropriate, where Q is not known from observation, to assign values 
of Q typical for the various taxonomic types. These are given in Table 11. 
Where the taxonomic type is not known, we suggest that QV = 0.085 (or Qp, = 
0.070) be adopted. We estimate that these values. which correspond to linear 
phase coefficients of Bv = 0.034 mag/deg (or BB = 0.036 mag/deg) at moderate 
phase angles, arethe meanvaluesfor the numbered main-belt population. For 
outer-planet satellites whose phase curves are w h o m ,  it is probably appro- 
priate to assume values of Q near unity, corresponding to ice-covered surfaces 
If other physically diagnostic data (spectroscopy, radiometry) are available, 
then Q can be estimated from the surface albedo. 

Table 11. Mean Q for asteroidsa 
m e  Qv % 
C 0.06 0.05 
M 0.13 0.12 
S 0.15 0.13 

aAdapted from Ibwell and Lunune (3) . 
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