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Abstract. The continuous bombardment of the Martian moomproperties of the grains remain largely unknown (Murchie &
lets Phobos and Deimos by the interplanetary flux of micromgrard 1996; Ksanfomality & Moroz 1995). On one hand, the
teoroids is believed to produce ejecta, a part of which could beailable data are insufficient to allow returning the refractive
introduced on long-lived circummartian orbits and form tenurdices of the grains, and on the other, the existing reflectance
ous dust rings around the planet. This view is supported byjectra indicate that there seems to be no known spectral ana-
number of theoretical studies which yield a detailed space strimgues of the Phobos’ surface layer. We have therefore to rely
ture of the dust rings. There is, however, no direct evidence@sindirect methods in assessing the required optical properties
to the existence of such rings. We assess the possibility of ploo-the basis of the existing information.
tometric search after the rings by modelling the field of solar The present paper addresses the question of searches after
radiance scattered by the putative dust region. The number dire- circummartian dust by photometric methods, i.e. by exam-
sity distribution of the dust grains around Mars and their sizeing the field of solar radiance scattered by the grains. To this
distribution are drawn from the recent theoretical models. Terpose we construct a solution of the equation of radiative
single-scattering albedo of the individual grains is deduced franansfer through the dust region in question. The shape and op-
the reflectance spectra of Phobos, gathered by the spacetiedt characteristics of the latter are drawn from the theoretical
Phobos 2. A few phenomenological scattering phase functiansdels and plausible hypotheses as mentioned in the foregoing.
are taken into account. The largest calculated radiance scattéfedfocus on the study of the solar light scattered to the Martian
in the spectral rang&35 pm — 1.0 um results to be of the order equatorial plane. Searches in this plane seem the most promising
107 Wem=2sr~ 1. since it coincides with the symmetry plane of the thin but other-
wise extended dust region filled with particles originating from
Key words: techniques: photometric — planets and satelliteBhobos. This particular spatial configuration can not be handled
Deimos, Mars, Phobos within the most exploited approach based on an approximation
of the scattering medium by a series of infinite, plane parallel
adjacent layers because that approach leads to singular expres-
sions (Dones et al. 1993). For this reason we made use of the
1. Introduction code LOWTRAN (Kneizys et al. 1983) originally designed to

The existence of the dust belts around Mars seems Suppoﬁ@@ulate terrestrial atmospheric radiance along a path including
very well theoretically, yet they bear the dubious distinction &&rth's curvature. _ _ o
being the longest studied planetary rings whose existence still 1€ necessary details of the theoretical space distribution
has to be verified (Hamilton 1996).The continuous bombar@f the circummartian dust grains originating from Phobos and
ment of the Martian moonlets Phobos and Deimos by microfi€imos are given in the next section. What can be plausibly
eteoroids is believed to produce ejecta, a part of which could &SUmed about the scattering properties of the individual dust
put on long-lived circummartian orbits. This view is supporte@&ins on the ground of the existing data is presented in Sect. 3.
by theoretical studies of the motion of ejecta, which achievddl€ details of exploiting LOWTRAN are explained in Sect. 4.
a high degree of refinement (Krivov & Hamilton 1997). As 4 he results and conclusions are discussed in Sects. 5 and 6.
result, the distributions of grains of various sizes in the space

neighbour_ing Ma_rs, as well as their seasonal changes, have bfeﬁistribution of the dust grains in size and space

predicted in detail. On the contrary, the assessments regarding

absolute number densities in the dust region are by far less &beoretical studies on the putative rings of Mars have accu-
curate because little is known about the properties of Phoboulated to a rich literature on the subject (Krivov & Hamilton
and Deimos’ regoliths (Krivov & Hamilton 1997). The opticall997, and references therein).

The theoretically analysed circummartian dust area is ex-
Send offprint requests 1v.1. Bl ecka pected composed of a few distinct populations depending on
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Fig. 1. Projections of the Phobos’ torus formed ¥%,m particles at  Fig. 2. Same as Fig. 1 but for the Deimos’ torus formed 1yum
the vernal equinoxX'Y’, X Z andY Z projections from top to bottom). particles

The right-hand coordinate system is inertial and Mars-centered. The

X (horizontal) axis points towards the Martian vernal equinox. Zhe

(vertical) axis points towards the Martian N pole. Distance unit is Mar-

tian radius (after Krivov & Hamilton 1997, by courtesy of A. V. Krivov)
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the forces perturbing the Keplerian motion of a grain (Krivogalculations as it is confined only to some information on the
et al. 1996). The particles with sizes of the order from 10 teflectance spectra of which the so far most complete are disk-
102 um form the population mostimportant to the present studygsolved data gathered by multispectral sensors VSK, KRFM
because it is long-lived (the life of an individual grain rangesnd ISM from Phobos 2 (Avanesov et al. 1991; Bibring et al.
from tens to tens of thousands of years in orbit) and most num&891; Ksanfomality et al. 1991). It is not possible to return re-
ous (Krivov 1994), hence giving probably the main contributioftactive indices from these data.lt is also pointless, as indicated
to the scattering of the solar radiation. The primary perturbifgelow, to assess the scattering characteristics by analogy, i.e.
force is here the coupling of solar radiation pressure with thg looking after reflectance spectra of some known materials
force originating from Mars’ oblateness. which resemble those of Phobos’ and Deimos’ surface layers.
In the following, we fix then our attention on the grains with  Contrary to earlier speculations of Pang et al. (1978)
sizes from about 10 t600 ym. The shape and internal structureéhe spectra of Phobos do not resemble those of carbonaceus
of the dust areas filled with these grains can be described briefhondrites. The closest similarities are with T-type asteroids
as follows. (Murchie & Erard 1996). Not entering into details, leading be-
The Phobos belt is very flat, and rather ring-shaped thgond the scope of the present paper, the conclusion should be
toroidal. Its approximate axis of symmetry is perpendicular that among known examples of meteoritic material or asteroids
the equatorial plane of Mars, and offset toward the Sun, as shaivaere seems to be no direct spectral analogues of the Phobos’
in Fig. 1. The Deimos belt is extended along its approximategolith in the rang€00 — 3100 nm (Ksanfomality & Moroz
symmetry axis, which is offset away from the Sun and tilteti995).
by an angle ranging fror87° for 80 um grains to abouf2° The point is know, how to proceed with the limited infor-
for 17 um grains, with respect to the equatorial plane of Margation on the optical properties of the Phobos surface layer at
An example of the Deimos belt is shown in Fig. 2. The nunirand, in order to estimate reliably the necessary scattering char-
ber density distribution of grains in both belts exhibits seasorateristics (scattering phase function, scattering and extinction
dependence when observed in the inertial, Martian equatogakfficients) of the circummartian dust grains.
frame. Data on spectral reflectance are available as a dependence of
The foregoing calculations pertain to relative grain numb#éne geometric albedd,, on the wavelength in the spectral range
densities, which result from the integration of the equations 80 — 3000 nm (Murchie & Erard 1996). There exists a relation
motion. In order to calculate now the absolute densities, assdsstweenA,, and the single scattering albedg for particles
ments of the dust ejection rates, the dust loss mechanism, Emde enough to allow for clear separation between diffraction
the balance between dustincome and removal are needed assdittering and reflection with refraction. The explicit condition
cussed in the relevant papers (e.g. Krivov & Hamilton 1997s (27r/X) |m — 1| > 10 where is the length of the wave
Itis necessary to point out here that these assessments are stdtttered on a particle with complex refractive indexradius
ject to large uncertainties. They arise from, e.g., the inadequateand geometric cross secti@i The condition is certainly
knowledge of the mechanism of knocking-out the ejecta frogatisfied inthe visible and infrared in the size range of tensof
the surfaces of Phobos and Deimos, which depends on the prep-are interested in. In our calculations we shallignore infact the
erties of the regolith of the moons (Murchie & Erard 1996). Forery narrow diffraction lobe, as it gives contributions to forward
these reasons the calculated absolute number densities caschéering only. We exclude the latter from our considerations

in large error (Krivov & Hamilton 1997). because of obvious difficulties with separating it experimentally
In the present study we use the absolute number densitiefroi the direct (incident) solar radiation.
the latter authors, who give the number dengity)~'2 cm =3 Let the non-diffractive component of the scattering phase

for the particles with radi80 — 55 um originating from Phobos, function bep (6), whered denotes the scattering angle. Inthe fol-
and the number densifyl0~ ! cm~2 for the particles with radii lowing p (#) will be identified with a phenomenological phase
15— 50 pm originating from Deimos. In both cases the materidunction chosen to describe the scattering process. Then, the
density is takerp = 2gcm ™2 and the radiation pressure effi-single scattering albedd, can be expressed by the relation
ciency@,. = 1.0. Note in this connection tha&p,./(pr) is an (Hanner et al. 1981):
invariant of the eqations of motion, hence comparisons of the A
values of radii and densities appearing in various papers shaijg= - + ——2
be made with reference to this quantity. 2 2mp(180°)

1)

with the normalization condition

3. Optical properties of the dust grains Jp(0> deosl — 1 @

The most straightforward way of getting out the optical chara

teristics of the circummartian dust grains originating from thadopted here.

Martian moonlets, would seem to have them calculated from the As the single-scattering albedo is contained in the range
refractive indices of Phobos’ and Deimos’ surface layers using/2 < &y, < 1, Eq.(1) with fixed A, (or, implicitly, with

say, the Mie theory. The present knowledge of the optical prdiped \) actually imposes a constraint on the values of the non-
erties of Phobos’ and Deimos’ regoliths does not allow sucliffractive phase function at backscattering. Conversely, with a
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““““ dust area that shows up approximate axial symmetry. The fact

AN i of using in this study a code originally designed for terrestrial
umy | | or terr
' 09 atmospheric caIcuIatlor!s may seem unusua}l at first S|ght_, yet
Y"_‘.Q 3 LOWTRAN has proved itself surprisingly flexible to cope with
. 08 < our requirements.
0'7 5 The diffused monochromatic radianég (R, n) accumu-
o.e @ lated at a poinR in the direction given by the unit vectarin a
0‘5 specific medium through single scattering of the solar radiation
o 0.1 Lo along the line-of-sighL (R.S) (which is the path from the ob-
0.095 ' server atR to the most distant point of scatterisgtaken into
-, 0.0825 = account) takes the form:
% 0038w J 9
< 7 Asym. Factor I3 (R,n) = f* / Cs(9') p (S o’ -m) x (4)
Fig. 3. Single scattering albedn, as function ofy and 4,, in the case L (RS)

of H-G phase function. The allowed rangeli® < wo < 1

/C’ dQ+/C Q' | ds’

phase function appropriately fixed, as it happens in the present Lo(S") L (RS
study,w for a givenA can be computed from Eq. (1). With the

A
Henyey-Greenstein (H-G) phase function (Hulst 1980) where f* denotes the monochromatic solar irradiance at the

boundary of the mediumm,’ is a unit vector locally pointing
1—g?2 3) toward the Sun, whilé(.S) denotes the path of a solar ray from
A7 (1= 2gcosf + 92)3/2 the_med|um’s bour_1dary to poirtt. The medl_um at pomQ is
optically characterised by the volume coefficients of extinction
which is among those chosen for the purpose of our assessmenisg) and scattering’s(Q), and the scattering phase function
Eq. (1) definesy, as a function of the asymmetry paramejer p (Q, n, - n) wheren, - n = cos(180° — 6). Under normal
and4,, (or A). This function is shown in Fig. 3. terrestrial conditiond,(S) and L (RS) are generally curved,
The circummartian particles originating from Phobos willbewing to atmospheric bending of light rays. Consequently, the
then characterised by a phenomenogical, non-diffractive phasection ofn,’, like that ofn’ in p (S’, ny’-n’), may in gen-
function, the single-scattering albedg connected with the eral depend on the scattering paffit LOWTRAN involves an
asymmetry parametgrthrough Eq. (1) and the extinction crossilgorithm to account for this bending. In the case of straight-
sectionoex; = 2G. line propagation (through very thin media) with assumed plane-
Among the reflectance spectra of a few small Solar Sygarallel structure of the medium, Eq. (4) acquires the form well
tem bodies acquired by the Hubble Space Telescope (Zellnekgown from earlier publications (Stamnes 1986). By introduc-
Wells 1994) these of Phobos and Deimos turn out similar, aigy the transmittanceg,, T, T, corresponding to global extinc-
differ from those of some asteroids. It is then plausible to agon along the path,(S), andL (RS) and to scattering along
sume that the optical characteristics described in the foregoifg pathZ (RS), respectively, Eq. (4) acquires the form:
can equally apply to particles originating from Deimos. (Rom)— 1 / Ty T p (S, ng'-n/

T,

(0) =

)ar, (5)

4. Application of LOWTRAN L (RS)

account for a possible heterogeneity of the medium, LOW-
AN allows dividing it into spherical concentric layers with
wly changing density of scatterers in each layer. The integral

In the present study we concentrate on “lateral” sounding of t

dust rings (edge-on, i.e. perpendicular to their symmetry axi
which could be the most suitable in the search after the thi .
Phobos ring. The approximation of the ring by plane-parall Eq. (5) is then replaced by a layer-by-layer sum along the

layers which is a standard in the studies of, e.g., the Saturnlég\‘?'of's'ghr:f For an OptI.Cal path crossing layers in a given
rings (Dones et al. 1993) clearly becomes inapplicable in t [rection, this process gives

case because it leads to singularities in the expressions for scat- N T T (S .

A 0 p( , o "M )
tered radiances. In order, then, to convert densities along fael?; 1) = f E < T > ATy (6)
line-of-sight into radiances we have resorted here to the pos- j=1 ) J

sibilities offered by the computer code LOWTRAN (Kneizysvhere the quantit\T; is the change of the scattering transmit-
et al. 1983), originally designed to calculate atmospheric ratiince in passing through laygrwhile () ; denotes an average
ance for a given atmospheric path including Earth’s curvaturalue for that layer. Algorithms performing the described eval-
Consequently, LOWTRAN incorporates the effects of spatiahtions are built into LOWTRAN.

curvature in the distributions of the medium’s characteristics. It results from the foregoing that to the purpose of the
This is just the feature much desired in the calculations reporfg@sent study, the circummartian grains are optically charac-
here, when the line of sounding goes across the circummartiarised by the extinction efficiena®; = 2 and the scattering
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efficiency Qs = 2wq with &y given by (1). As regards the non-
diffractive scattering phase functigr{cos 6), for lack of quan- 4
titative knowledge about the true scattering characteristics of the
grains we exploit here a range of plausible possibilities taking

into account the following phase functions: 2t Ty
OM

1. Henyey-Greenstein (H-G) phase function which is the pro-
totype of anisotropic phase functions used in astrophysics ; e
(Hulst 1980), and is given by Eq (3). Within the range 010 ; ; i < INSTRUMENT
values of the parameter of asymmetry g allowed by Eq. (1), - A g -
the caseg = —0.6 andg = —0.2 represent moderate and
weak backward scattering, whereps= 0.2, representing -2
weak forward scattering, is the largest allowed value with
wp < 1. Note, that in virtue of Eq. (1) the increase of g from ,
—1 to the largest possible value for a givémakeswy(\) -4 + B
growing from1/2 to 1, which means “brightening” of the /
grains from “black”(wy = 1/2) to “white” (& = 1).

2. Phase function of the zodiacal light derived from observa- -4 -2 0 2 4
tions of the solar radiation scattered by interplanetary dusy. 4. The observational setup overlaying thé” projection of the
particles (IDP) a502 nm (Lamy & Perrin 1986). The radii of Phobos’ torus (see Fig. 1) showing the azimuthal angiemnd the
the IDPs are generally believed to be contained in the rangsttering angle of a few lines-of-sight
10 — 100 pm, just as those of our circummartian grains. It
is then tempting to exploit this phase function in the present © [deg]
study, even if the compostion and size distribution of the- 2 180 125
IDPs could be different from those of the circummartiarg 104 AN, Y
grains. s 3

>0

Il I L

E 8+ / N
All the foregoing phase functions are here assumed indepés- ,/"
dent of the scattering point, of and of the wavelength of ¢ ©7 .,/'
the scattered solar radiation. The assumption is supported .@y4 1 S N
the comparison of Mie phase functions calculated for variou;é i 9=02
materials in the spectral and size ranges discussed here (Orofine + s g=02
et al. 1998). .E.’ e _— T
The siz_e range of the grains ar_1d their distributions in space ;5 35 25 15 5 5 1’5 2‘5 3‘5 4"5 o
assumed in the present calculations, correspond to “popula- ¢ [deg]

tion I" of Krivov and Hamilton (1997). The size range is therI1:ig. 5. The integrated radianck scattered by th82 um particles of

confined 1030 ym < r < 90pm for. Phobos grglns and the Phobos’ torus at the vernal equinox versus the scattering éngle
14pm < r < 90 pum for those of Deimos. Numerical data,,q the azimuthal angle

pertaining to the spatial distributions have been kindly provided
to us by Dr. A. V. Krivov (unpublished calculations, 1996).

Phobos ring (see Fig. 1). The way of carrying on the “sounding”
implies that the angular field of view of the sounding device is
very narrow so that no scattered radiation enters the device from
The results discussed below pertain to calculationgofthe outside the close neighbourhood of the equatorial plane. To the
solar radiance scattered by the circummartian dust belts, origirpose of calculating the volume coefficients of extinctign
nating from Phobos, in the following observational setups: and scattering’s (both depending on the spatial density of the
The observer, i.e. a sounding device aboard a spacecraft,gitins) the line-of-sight is divided into 6 segments correspond-
ontheX axis ata pointwith the coordinate= 45 Martianradii ing to the division of the dust area into layers, as required by
(see Fig.4). “Sounding” is carried on over the whole relevahOWTRAN. The values of the density at the boundaries of the
range of angler subtended at the observer by the segment eégments along the line-of-sight are input data depending on
the X axis directed towards Mars, and by the line-of-sight. Atthe anglep and the epoch. The calculated scattered radidfice
given epoch, i.e. with a fixed position of the Sun, scanning ovisrthen integrated over the wavelength inte¥als — 1.0 ym
» leads to variations of the scattering angleAlternatively, which spans abou/3 of the “solar constant”. The range of
with fixed ¢ (fixed line-of-sight) the scattering anghevaries integration could be intended as a typical spectral range of a
over the Martian year, as the dust area revolves about the Ssaunding device (photometer) operating in the VIS and adja-
The line-of-sight lies in the equatorial plane of Mars, whichent spectral regions. The integratgdas function of angle
is the most appropriate to detect the radiance scattered bydhe of the scattering angkeat 4 epochs (vernal and autum-

5. Discussion of the results
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extent, to the angular dependencé pfor different phase func-
tions. These are: the variation of the optical thickness along the
line-of-sight with, the variation of the phase function with

and the dependence & on the choice of the phase function

in accordance with Eq. (1). The values of the optical thickness
along the line-of-sight at a given epoch display a saddle-shaped
variation with anglep, centered afp = 0°, showing up steep
peaks aroungb = +20° and steep falls beyond. In the vernal
and autumnal epochs the heights of the twin peaks are almost
equal. In summer and winter the peaksat 20° is lower from

its counterpart by a factor of abosit4. This functional shape
visibly affects the angular variation df; shown in Figs. 5-8
because the optical thicknesses around the peaks vary\sith

a much higher rate than the phase functions in the correspond-
ing ranges of). An important exception is radiation scattered
aroundd = 0°, exemplified by the autumnal distribution (see
Fig. 7) where the sharp forward peak of the phase function of the
zodiacal light overwhelms the variation of the optical thickness.

In view of the foregoing, the approximate symmetry of the
vernal and autumnal distributions éf abouty = 0° comes
as no surprise (Figs.5 and 7). The exceptionally high forward
signal (Ig = 8.34107® Wem 2 sr~!) is associated with the
phase function of the zodiacal lighf); ~ 1.35). The compar-
ison of the vernal and autumna| associated with H-G phase
functions shows that the dependence of its magnitude upon the
asymmetry parametey is stronger than upof,, the corre-
lated scattering efficiency of the grains. The largest signal in
the vernal cas¢ly = 1.07107® Wem 2 sr!) is associated
with ¢ = —0.6 describing moderate backward scattering, de-
spite low scattering efficienc{@s ~ 1.0). The largest autum-
nal signal(Zy = 3.78 1072 Wem~2sr~ 1) is associated with
g = 0.2 describing weak forward scattering, and results from
about the same number of scatterers along the line-of-sight as in
the foregoing vernal case. Yet, it is almost 3 times smaller, de-
spite larger scattering efficien¢g)s ~ 1.4). Also this autumnal
signal is only slightly larger than the vernal signal associated
with ¢ = —0.2 what reflects the equality of the phase functions
and the relation between the valuegafin both cases.

A different picture emerges from summer and winter
distributions of I; (Figs.6 and 8). Its largest values at-
tain Iy = 3.39107°Wcem2sr~! in summer andly =
3.07107% W ecm~2 sr~ ! inwinter, both associated with the H-G
phase function witly = 0.2. Here, the gable of the distribution
of the optical thickness at > 0 is suppressed with respect to
the gable afp < 0 what leads to a reduction @ in thep > 0

nal equinoxes, summer and winter solstices) for grains withnge as compared to ifs < 0 counterpart. It is evident that
30 um < 7 < 35 um (of highest number density along the linein the relevant interval o the overall decrease of the phase
of-sight) and for various phase functions is shown in Figs. 5-8nctions withg > 0 brings an additional damping ¢f. As to
They correspond to the first observational setup, as descriffe@ phase functions with < 0 their overall growth with9 only

before.

hardly compensates the reductiongtaused by a suppression

Vernal and autumnal distributions éf span the ranges of of the optical thicknesses at> 0.

The behaviour of the magnitude éf at o = 0° during

the scattering angle > 125° centered al = 180° in the back-
ward hemisphere arftdl< 40° centered af = 0° inthe forward the Martian year is shown in Fig. 9. This is an example of the
hemisphere, respectively. The corresponding ranges of the sg§gf-ond observational setup discussed before, when the position
mer and winter distributions span the rarg80° < # < 150° of the Sounding device is fixed in the Martian inertial frame,
centered aff = 90°. Three main factors contribute, to varioug§ind the scattering angle changes on account of the motion of
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@

Table 1. Maximum values of the integrated radiance jointly scattered
by the Phobos’ and Deimos’ tori over all seasons and all considered
phase functions
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H-G,g=-0.6 1.81077 1410°% 3.6107° 261078
H-G,g=-0.2 52107% 2810°% 15107% 2810°%®
H-G,g=+40.2 211078 5.6107% 6.310°% 5.110°%
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ilar to interplanetary dust particles of the zodiacal light, when
the signal could attaib0—% W em =2 sr—!.

The foregoing assessments indicate therefore, that photo-
metric searches after the Martian dust belts augur well, and
should be undertaken during the forthcoming Martian missions.

Fig. 9. The integrated radiandg scattered by th82 pm particles of
the Phobos’ torus gt = 0° versus) during the Martian year

the dust belts about the Sun. The variationd pfvith 6 are
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