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We benchmark several convolution and deconvolution models on phase curves at small
phase angles (0.005o-1o). These curves were provided by several NASA missions (Clemen-
tine/UVVIS, Galileo/SSI and Cassini/ISS) when the Sun had different angular radii
(α⊙=0.266o, 0.051o, 0.028o). For the smallest phase angles, the brightness of the objects
(Moon, Europa and the Saturn's rings) exhibits a strong flattening below the angular size of
the Sun. However, the brightness continues to increase below α⊙ before finally flattening at
0.4α⊙. These behaviors are consistent with the convolution models tested.

INTRODUCTION

When the observer and the source of light are aligned, a strong surge called the opposition
effect is observed in the phase curves of astronomical objects [1]. Although observed since
the 19th century, the opposition effect is not understood and the causes which provoke it are
still a matter of debate [1]. Several theoretical models have proposed to explain the shape
of the surge by different mechanisms [2, 3]. Because the Sun is not a point-like light source
for Solar System objects, it is therefore necessary to deconvolve the data or to convolve the
theoretical models. Both approaches are tested on phase curves at small phase angles.

OPPOSITION DATA

We use the opposition data of the Moon observed by Clementine/UVVIS [4], Europa seen
by Galileo/SSI [5] and the Saturn's rings observed by Cassini/ISS in 2005 [6].

Figure 1. Phase curves of theMoon, Europa and the Saturn's rings from images of Clemen-
tine, Galileo and Cassini. Vertical dotted lines correspond to solar angular radii.
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Helsinki 2010 E. Déau et al. Planetary opposiƟon surges

CONVOLUTION MODELS
We tested two convolution models. The first one is the limb darkening function of [7]:
W (µ′) = aλ+ bλµ

′+ cλ [1− µ′ · log (1 + 1/µ′)], where µ′ = cos θ′ and θ′ varies from 0
to the Sun's angular radiusα⊙. aλ, bλ and cλ are coefficients that depend on the wavelength.
It has been used in the past to be convolved with a theoretical opposition effect function
of [8]. The normalized convolution of the linear-exponential function of [9] rlinexp(α) =
Ib + Is · α+ Ip · exp (−α/2w) to the limb darkening function is:

rpw(α) =

∫ α⊙
0 dθ′

∫ 2π
0 dϕ′ sin θ′rlinexp(α) ·W (cos θ′) cos θ0(Ω

′)∫ α⊙
0 dθ′

∫ 2π
0 dϕ′ sin θ′W (cos θ′) cos θ0(Ω′)

. (1)

The angles θ0,Ω′ andϕ′ are fully described in [8]. The second limb darkening function tested
here is the one-parameter solar limb-darkening model of [10]: Iλ(r̂) = (1 − r̂2)βλ where
Iλ(r̂) is the normalized limb-darkened solar intensity, r̂ is the normalized radial coordinate
of the solar disk, and βλ is a wavelength-dependent constant. We fitted the linear exponential
function to the data and computed rhm by using:

rhm(α) =

∫
rlinexp(α,Ω)Iλ(Ω)dΩ∫

Iλ(Ω)dΩ
(2)

where Iλ(Ω) is the limb-darkened solar intensity, α(Ω) is the phase angle, and the integra-
tions were made over the solid angle dΩ of the solar disk.

As a result, both convolution models tested here give a good agreement with the data
and between themselves (Fig. 2).

Figure 2. Phase curves of the Moon, Europa and the Saturn's rings fitted with the model
of [7] in solid curves and the model of [10] in dashed curves.

DECONVOLUTION MODEL
We performed previously a convolution of the linear-exponential function to several limb
darkening functions. However, this refinement does not provide information about the
behavior of the brightness if the Sun were a point-like source, because the linear-exponential
function intrinsically flattens as α → 0 (see dashed curve in Fig. 3). Few models that
deconvolve phase curves exist so we use a simple model. The deconvolution model of [11]
uses the logarithmic function of [12] because it does not flatten at small phase angles and
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Figure 3. Laboratory
phase curves of [13] at very
small phase angles

assumes a logarithmic increase of the data below the light
source's angular size, as for larger phase angles:

rlog(α) = a0 + a1 · ln(α) (3)

This assumption is consistent with the recent laboratory mea-
surements of [13] at small phase angles (0.008o –1.51o), that
did not show any flattening of the phase curves (Fig. 3). This
is because [13] increase the laser separation distance from 25
meters to 40 meters to obtain the smallest phase angles and
then, artificially decrease the angular size of their light source.

DISCUSSION

Morphology of the surge before and aŌer the decon-
voluƟon
With the convolution and deconvolution models, the behavior of the surge appears to be
more clear. The flattening of the phase curves is progressive and effective at approximately
0.4α⊙. This value is found either with the phase curves (Fig. 4) or either by looking at the
derivative of the convolved linear-exponential function fitted to the data. The deconvolution
model suggests a logarithmic trend for the brightness for α near 0o.

Figure 4. Phase curves of the Moon, Europa and the Saturn's rings fitted with several
logarithmic functions of [12]. Vertical dotted lines correspond to α of effective flattening.

ImplicaƟon for the surge of planetary surfaces
We tested the influence of the solar angular size by representing in Fig. 5 the convolved
and deconvolved angular width of the surge as a function of the distance from the Sun (in
Astronomical Units) for various Solar System objects [11]. The convolved HWHMs follow
a power-law function with the heliocentric distance while the deconvolved HWHMs are
independent of the distance from the Sun (see Fig. 5). With the deconvolved HWHMs,
Solar System objects seem to be grouped by their albedo. This could be a consequence of
the opposition effect mechanisms, since they are albedo-dependent [2, 3].

CONCLUSION
To better understand the behavior of the brightness near the solar angular radius, we (1)
convolved the theoretical models and (2) deconvolved the data. The first approach shows a
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Helsinki 2010 E. Déau et al. Planetary opposiƟon surges

Figure 5. Angular width of the surge before and after the deconvolution for various rings
and satellites of the Solar System from the study of [11].

good agreement between the two convolution models used and the second approach finds
an agreement between a simple deconvolution model and some laboratory measurements.
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