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We explore the possibility of detecting small Kuiper belt objects
(KBO) by serendipitous observation of stellar occultations: We show
that such unpredictable occultations may allow us to detect a popu-
lation of very small objects (typically of ~100 m radius at 40 AU), in-
visible by any other observational method, as long as (i) the assumed
population fills up a sufficient area on the sky plane, (ii) the instru-
mental sensitivity and acquisition frequency are high enough, and
(iii) the observed star has a small angular radius. This result is basi-
cally due to the diffractive broadening of the geometric shadow of
small (assumed numerous) occulting objects. This diffractive broad-
ening is more pronounced for smaller stellar disks and better photo-
metric precision. Assuming there exist about 10! objects of radius
p > 1km, located between 30 and 50 AU near the Ecliptic, and that
the differential size distribution varies as p~9 with the index q=4
extending down to decameter-sized objects, we expect a number of
valid occultations (i.e., a 4o event) between a few to several tens per
night, if we may obtain an rms signal fluctuation o < 1% and ob-
serve a star in the ecliptic with an angular radius <0.01 mas. Since
this occultation rate is very sensitive to the index slope g and plum-
mets when g < 3, a KBO occultation observation campaign could
provide a decisive constraint on the actual slope of the KBO size
distribution for subkilometer-sized objects. Blue O class stars are
the best candidates for detecting KBOs since they have the small-
est angular radius for a given visual magnitude. The occultation
events are typically very brief (<1 s) and they are shorter but more
numerous when observed in the antisolar direction, so rapid pho-
tometry (>1 Hz) is required and high-speed photometry (=20 Hz) is
preferred. The French space mission Corot will provide an excellent
opportunity to observe occultations by KBOs using high precision
photometry. (© 2000 Academic Press
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1. INTRODUCTION

the existence of 1d objects of more than 1 km radius. The
observations also suggest that the differential size distribution
apower lawp 9 (wherep is the KBO radius) with anindex~ 4
(Luu and Jewitt 1998). This value is compatible with the gues
thatthe Kuiper beltis the “reservoir” of short-period comets. The
total mass of these Kuiper belt objects (called KBOs hereinafte
is estimated from 0.1 to 0.3 Earth mass (Jewitt and Luu 1995
Actually, the density of matter in the outer Solar System seen
surprisingly low beyond Neptune, and the Kuiper disk could b
much larger than the present observations suggest. If the Kuif
disk has a size distribution with such a constant index extendir
down to meter-sized objects, it would include a huge number ¢
subkilometer-sized objects. However, a large collision rate cou
have destroyed the smaller objects. Anyway, knowledge of tt
small KBO population is a key point because it could contai
most of the Kuiper disk mass. The search for small KBOs i
also a way to constrain the spatial distribution of the KBOs. Th
radial and vertical extensions of the Kuiper belt are very poorl
known, in particular the outer limit of the Kuiper belt. It could
extend to the Oort cloud with decreasing density. Furthermor
the Kuiper belt could be similar to some circumstellar dust disk
(as, for example, observed around HR4796 by Schneidak.
1999) that have a typical size of 100 AU and could be the residt
of planet formation.

More generally, the structure of the Kuiper belt, its size, thick
ness, mass, and momentum distribution are key tools in the pt
suit of planet formation, because the Kuiper belt is the mo:s
primitive part of the Solar System since it was the outer pai
of the protoplanetary system: In the inner part of the disk, th
planetesimals collided to create larger bodies. Beyond Neptur
reduced collision rate prevented planet formation. Since the
the Kuiper disk has suffered little evolution: Except for the in-
ner boundary which is connected to a resonance with Neptur

The existence of a residual protoplanetary disk beyond tttee giant planets are too far away to perturb the disk as they
Neptune orbit was speculated by Kuiper (Kuiper 1951). Thhe asteroid belt. Mass and momentum distributions, importa
recent discovery of hundreds of objects (Jewitt 1999), with ragiarameters for planet formation scenarios, are poorly known
from 50 to 200 km and located between 30 and 50 AU confirntise outer Solar System where the time scales of the formatic
the reality of the Kuiper hypothesis. A simple extrapolation aff Uranus and Neptune are not yet well understood.
the observations allows us to predict the existence of 40,000 tdStellar occultations are a powerful tool for exploring the oute
70,000 objects of more than 50 km radius in this region, ar@blar System: They have provided rich information on planetar

530

0019-1035/00 $35.00
Copyright(© 2000 by Academic Press
All rights of reproduction in any form reserved.



DETECTION OF KUIPER BELT OBJECTS BY OCCULTATIONS 531

atmospheres and ring systems (Elliot and Olkin 1996, Sicarttyeometric” occultation rate by KBOs for a given star; we defe
et al. 1991). However, the observation of a stellar occultatiaime possibility of modeling and exploiting the diffraction phe-
by a given small object, such as a known comet or an asterammenon to later sections.

is quite difficult because the small angular size of the objectWe consider a population of KBOs moving with respect tc
prevents a precise prediction of the shadow path (cf. predictiarstar in the sky plane. There is an occultation of the star by
of occultations by Pholus in Storat al. 1999). The possibility KBO if the minimum distance between the two objects is smalle
of detecting small objects of the Solar System by stellar othan the sum of their radii. We may then write the number ¢
cultation was introduced by Bailey (1976) and Dyson (1992yeometric occultations of a star with angular radiysand with
More recently, Brown and Webster (1997) have proposed to umeinclination on the ecliptic plane, by KBOs of angular radius
the Macho experiment for detecting stellar extinction by KBO®etweeny andy + dg, observed during an intervalt as

but in these works, the diffraction effect during occultations has

been neglected. We will show here that taking star light diffrac- Noc(9) = 28(p. 1)(@ + P.)voAt, 1)

tion into account is aine qua nortondition for addressing and . : . .
. : . whereé(y, i) andv, are the density and velocity, respectively,
implementing such a detection method. .

of KBOs in the sky plane.

We thus explore here the possibility of detecting KBOs by a . S
method of “serendipitous occultations” by taking into account The total number of occultations duringt is then
the diffraction effect: In Section 2, we discuss and estimate the Pmax
statistical rate of occultation by KBOs using geometrical optics Noce = / Noce() d, )
only, that is, without taking into account diffraction effects. In Y
Section 3we present atheoretical model of diffracted lightcurvedherepmax is the maximum expected angular radius of KBO:s
produced during stellar occultation, and we show that occultghis value is not critical since we know that big KBOs are ver)
tions could make it possible to detect rather distant and smidte;i.e.§(¢p, i) mustbe vanishingly small for large andyji, is
objects. In Section 4, we then use this model to estimate a tize angular radius of the smallest KBO detectable by occultatio
cultation rate by KBOs more realistic than that estimated in Let us now discuss the three main parameters governing tl
Section 2, and we give the probability of detecting occultatiomgometric occultation rate:
by KI_BOs within the present _cgpabﬂnms of emstmg mstruments. 1. The density of the KBQs poorly known: The high mag-
Section 5 explores the possibility of better exploiting the diffrac-. . L ) .

. o : nitude of these objects limits the size of the directly detectab
tion phenomenon for optimizing the detection of KBOs, espe- . X :
) . : . g odbjects to a few kilometers, but we assume that the Kuiper be
cially when using high-precision photometric instruments, a . L T ; :
. S . . qhas a size distributioncp~% with a constant indeg extending
discusses other possible instrumental implementations of sucfra : . :
. : : . Q Mmeter-sized objects. The near-Earth asteroid (NEA) popul
method. Finally, in Section 6 we discuss how to be assured that .
; . . 10N (the only small body population in the Solar System know
the observed dips on a lightcurve are due to occultation, andtdm . . . . T :
. ' own to meter-sized objects) indeed has a size distribution wi
particular, due to occultation by KBOs. . ) . )
an index more or less constantd m radius (Rabinowitet al.
1994). We will return to the assumption of a constant ingléx
2. THE STATISTICAL RATE OF STELLAR OCCULTATION  Section 4. In addition, the KBOs are assumed to follow an exp
BY KBOs: A FIRST APPROACH nential distribution in inclination with an angular scale height
and the spatial density of KBOs is also assumed to depend on

The occultation statistical rate is the probable number of ogistance to the Sur), with the same law as the protoplanetary
cultations of a star detected during a given time interval. Whelisk, i.e., adD 2. If we assumeN KBOs larger than 1 km exist,
an observer (on the Earth in most cases) crosses the shadoy@ited between 30 aridl,a AU, the previous assumptions lead
a KBO cast by a star, the star light is not fully extinguished ang the following 2-D differential size distribution which is the
the stellar flux oscillates: If these oscillations are detected, therigmber of KBOs of radius (in kilometers) betweeandp + dp,
is an occultation, and the whole region where these oscillatiofgh inclination (in degrees) betweérandi + di, and at an he-
can be detected is called the diffraction shadow. Thus, the ocdidcentric distance (in AU ang 30 AU) betweerD andD + d D:
tation rate is computed as the probability of intersection in the

i ) 's di i . 180N D2 C(H) . _
sky plane of the star disc with the KBO’s diffraction shadow. wp,i, D) = @-1p% (3)

lim

H
If, at first, we ignore diffraction, the definition of an occulta- 472 (Dmax—30) H ©
tion event simplifies: there is an occultation when the observer
crosses the geometric shadow of a KBO, and the star lightis qu)'/th
or partially extinguished, depending only on geometric parame- 7[(180/7)? + H?

~ 1+ sirP H,

ters linked to the KBO and to the star. In addition, the detection C(H) = 18({180/7, + He—QO/H]
of an occultation event depends on the conditions of the obser-

vation and in particular on the instrument used for recordinghereH is expressed in degrees, and given per astronomical
the occultation. In the following discussion, we estimate thisnit and per steradian.
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Recent observations allow us to estimate there areatffects  Wherex isthe detection threshold or sensitivity of the instrument
larger than 1 km, located between 30 and 50 AU (the practicHis yields, for instance, a detection threshpig = 2.@,.,/o
limit of existing surveys), with a differential size distribution in-ate =40, whereo is the rms signal fluctuations (i.e., the pho-
dexq~ 4, and a latitudinal scale height = 30° (Jewitt 1999). tometric precision limit of the instrument), witlp, typically
Then, by substituting these values into Eq. (3) and by integr@Pout 0.01 to 1 mas. However, as we shall see in subsequ
ing in D between 30 and 50 AU, we obtain the following meagections, these formulas are quite approximate and only val
density of KBOs in the sky plane of angular radius betwgenfor a large stellar radius0.1 mas) because diffraction is not

ande + d¢ and with inclination betweenandi + di taken into account: the real detection threshold not only depen
, on the star size in a very different way than stated here, but
8(p,i) =310 texnp4 (4) also depends on both the distance from the KBO to the obsen

_ _ _ and the observation wavelength.
where, for convenience, is expressed in mas=0.001") andé  \we may finally deduce from Egs. (2) and (4) and the discus
is so given per masLet us note that if we assume the KBO siz&jon above the following approximation of the total number o

distribution ranges from one meter to some hundreds of kilgeometric occultations by KBOs of a star with an angular radiu
meters (that is, from about:310~° to 10 mas at 40 AU), we @, and an inclinatiori on the ecliptic

can estimate an optical depth of the Kuiper belt in the ecliptic
of kg & fglxows 8(¢, 0)p? dp ~ 10-5. We will show however in . [10mas
Section 4 that diffraction perturbs the stars light far away from Noce(®., i)~ 2 10 "v,At €3 / o e + @) de, (7)
the geometric disc, such that the proportion of the ecliptic sky #
perturbed by the Kuiper belt is much larger than that inferred
the optical depthyg.

2. The velocity of the KBOs in the sky plamg, is involved
in both the number of occultationdl{.. « v,) and the duration
of the occultationdt, o« 1/v,): It is given as

1 Noco(®., 0) & 1.5 10 v, & %0 14, (8)
Vo = Vg| COSw — .| — |, (5)
Dau

So this geometric occultation rate per night is less than 0.1 |
where D,y is the heliocentric distance of the KBOs in astrothe most favorable case, with a typical KBO detection threst
nomical unitspe is the Earth’s orbital speed, aagis the angle old of a few kilometers in size. Fortunately, as we will show
between the KBO and the anti-solar direction which is calldd Section 4, this result, which does not take into account ar

lim

t\)k//herev0 is expressed in mas per secoad,in hours, andp;m,
and @, in mas. For instance, we may estimate the geometr
occultation rate per night (8 h) in the ecliptic foea= 40 sen-
sitivity and @, > 0.1 mas as

“opposition” hereinafter. diffraction effects, significantly underestimatsg...
Because, depends on the distanBeof the occulting objects,

so do the probability and the duration of the occultations. This 3. MODELING A REALISTIC STELLAR

property could allow the discrimination between an occultation OCCULTATION BY A KBO

by a KBO and an occultation by an asteroid or a comet (see
Section 6). By fixingD to 40 AU and havinge ~ 30 km/s, we 3.1. Basics
getvo, ~ 30(cosw — 0.16) km/s &(cosw — 0.16) mas/s). Then

. : I The light emitted by a point source (assumed to be at infinity t
VoS maX|mum_(w25 km/s) tOVXard the opp”osmo.n and decrea§ eld planar waves) incident on a sharp-edged obstacle (such
toward a direction, called the “quadrature” hereinafter, for whi

N —_— . . BO) is diffracted. Owing to the Huygens—Fresnel principle of
cosw > 1/+/Day, I.e., £81" for an object at 40 AU. An occul- wave propagation, each point of a wave front may be considert

_tation, usgally very bri(_af, becomes slow_er in this direction. For the center of a secondary disturbance giving rise to spheri
!nstance, if an occultation by a 1-km radius KBO was detecte avelets, which mutually interfere. If part of the original wave
I coulq 'Iast from about 0.1 to a few secondseagoes from the front is blocked by an obstacle, the system of secondary wav
oppos#]lon Fo th? qhuadratLIJIre. KBOs d ble b ltati is incomplete, such that diffraction occurs. When observed :
'3' de eeilsse gn tthisamnaule;: a dzz o?iﬁztibaerzan)(/j %(;]C;thtlog finite distanceD from the obstacle, this effect is known as
ﬂ”{r’]e KpBO tself An ob%ct that is 100 small passing in fron“FresneI diffraction,” and falls within the scope of the Kirchhoff
: ) P 9 iiﬁraction theory, which remains valid as long as the dimension

of the star will not generate a detectable decrease in the ste the diffracting obstacles are large compared to the observ

flux. For a KBO smaller than the stellar disc, geometrical Opti\:ﬁavelengtm and small compared @ (cf. Born and Wolf 1980)
gives the straightforward condition . .

The characteristic scale of the Fresnel diffraction effect (that i

5 roughly speaking, the broadening of the object shadow) is tF

(ﬁ) > e, (6) so-called Fresnel scalef. AD/2. The Fresnel scgle at.40 AU,
observed at =0.4 um, is 1.1 km, i.e., a KBO typical size, and

*
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so the diffraction must be seriously taken into account to analyae object about 6% hilly. Along the two axes of the ellipsoid, th
the occultations by KBOs. diffraction fringes look like those of the circular object, while
Let us now consider the case of a monochromatic point soutbeir structures are more complicated outwardly. However,
occulted by an opaque spherical object of ragiug r denotes we compare the projected contours of the top and bottom
the distance between the line of sight (the star’s direction) aRdy. 1, one can see that these fringes are detectable, for a gi
the center of the object, and if the lengihandr are expressed sensitivity threshold (4% here), at distances larger or rough
in the Fresnel scale unit (noted Fsu hereinafter), the normalizeglal to the distances where the fringes of the circular object &
lightintensityl ,(r) is given by (see Appendix B of Roquesal. detected. We think therefore that using a circular object to con
1987), outside the geometric shadaw(p), pute the occultation lightcurve is a good “working compromise
for modeling an occultation by a realistic KBO.

. T
Io(r) = 1+ Uf(p. 1)+ UZ(p. 1) — 2U1(p. 1) Sin E(rz +p%) Smoothing the occultation lightcurve on the star diskve
discuss here the fact that the occulted star is never a point sour

+2U2(p, 1) COS%(TZ + p?), (9) Indeed, the apparent radius of a star projected at 40 AU col

range from a fraction of a kilometer to several tens of kilometer

inside the geometric shadow £ p), (see Section 5), i.e., on the same order of magnitude as t
KBOs. Therefore, the lightcurve smoothing over the apparel

1,(r) = UE(r, p) + UZ(r. p), (10)  stellar disk must be taken into account in our computation. |

order to do so, the star is considered as a set of incoherent pc

whereUo, Uy, andU; are the Lommel functions defined by (forsources, with polar coordinates @) in a frame centered on the

X=Y) stellar disk. Ifr is now the distance in the occulting object plane
0 from the star disk center to the object center, the normalize

Un(x, y) = Z —1%(x/y)" 2 3 L (T XY), (11) light intensity produced during an occultation of a stellar disl

k=0 of apparent radiu®, (again expressed in Fresnel scale units

whereJ, is the Bessel function of order. becomes

Figure 1 (top) shows the diffraction pattern of a circular ob- 2 R ™
ject (1 km radius) occulting a point star and is computed using, ()= —=5 / S dS/ l,(Vr2+s2+2rscosf) dd. (12)
Egs. (9) and (10). The Fresnel scale is set to 1 km. The size of * 0 0
the shadow is Iarger(abou'tone Fresnel scale) th'a'n the geometrig, Fig. 2 we present occultation lightcurves computed witt
shadow, and overall 'Fhe diffraction fringes are V|5|b_le ata Ig_r 1. (12) and produced by a 200-m (top) or a 1-km (bottom) KB
_d|stance from the object (as long as the photometric sensitivityyi,s (within the two cases, a Fresnel scale of 1 km), for se
is good). eral different apparent stellar radii. As expected, the diffractio
fringes are strongly smoothed when the apparent stellar size
larger than the KBO itself. An apparent stellar size of 2 km re

Our aim is to compute a rate of occultations by KBOs morduces the largest diffraction effect of a 200-m (1-km) occultin
realistic (or a more confident threshold of KBO detection) thakBO to only about 2% (30%) of the star light instead of more
that computed in Section 2. Two points were not very realistic than 10% (90%) with a small apparent stellar disk or a poir
the previous model of diffraction by a KBO: we have assumesburce. The diffraction with a 10-km apparent star disk is n
(i) a perfectly circular object and (ii) the star is a point sourcéonger perceptible in this figure (though there is a 1% decrea
We thus discuss the following two provisoes: in the light intensity for the 1-km object, which is simply the
ratio of the areas, i.e., as the object transits the star disk).

T

3.2. Discussion

What about an irregularly shaped object?f course, we do
not expect to deal with perfect spherical objects in the Kuip(ér
belt, while we need to model a random occultation with an
isotropic diffraction pattern (i.e., which does not show prefer- From the previous discussion, it appears that the diffractic
ence to any direction in the observation plane). It is thus impafect during a stellar occultation by a KBO (and more generall
tant to estimate the effects of an irregularly shaped object on twe any small object in the Solar System) will depend as usu
diffraction pattern. This study has been made by Rogied. on its size and on the apparent distance from the star to t
(1987) and the Fig. 1 (bottom) shows the diffraction pattern probject (the impact parameter), but also strongly on the appare
duced by an elliptical objece& 0.7 and with similar size to stellar radius and on the Fresnel scale—that means, (i) that 1
the circular case, see legend) occulting a point star, compugtdr has to be well selected to optimize its apparent size and fl
from the code defined in that paper. To generate an extreme casdahe observed wavelength and (ii) that such observations
which coulda priori smooth the diffraction fringes, the limb of will generally need another means of estimating the distan
the object has been corrugated by setting the “irregularity” p&- of the occulting object we are dealing with. We will return
rametem to 3 (for its definition see Roques al. 1987), that is, later to these two points, but if we assume these observatior

3. What Could Be Finally Detected Thanks to Diffraction?
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FIG. 1. The shadow pattern of a 1-km radius KBO in front of a point star. The two horizontal axis are distances in kilometers and the vertical axis
normalized stellar flux. (Top) The KBO is circular. (Bottom) The KBO is irregular (the limb6&b corrugated) and elliptical (the eccentricity is 0.7 and the hall
major axis isg‘ km, such thaé <p< ‘—3‘ km). The projected contours show t@% variation of the light intensity (the black filled areas correspong4f, i.e.,
| > 1.04). The gray central spot indicates the exact geometric shadow of the KBO.
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[T — T - ————— 7 the diffraction radius, as a function of the real radius object
p. Finally, let us note that Figs. 3a—3e also yield the smalle
detectable objeqgt;, for a given star radiuR, and a given sen-
sitivity €: it is the minimum reached by an isocontour of lewel

Two points must be outlined from Figs. 3a—3e since they wil
have important consequences on the KBOs occultation rate co
putation, and more generally on photometric observations
stars in the ecliptic:

[}

1. The diffraction shadow is generally much larger than th
geometric shadow, and this “shadow broadening” is more pr
nounced as the apparent stellar disk size decreases and
photometric sensitivity increases. Moreover, one can see
Figs. 3a—3e that the broadening due to diffraction is about
factor 1000 around or slightly below the= 10~ isocontour:
that means, by comparison with the (KB optical depth es-
timated in Section 2 (assuming a density given by Eq. (4)), &
the stars of the ecliptic could have their light perturbed at a
amplitude level within the range[10~°, 10~*]. Although such
a fluctuation level is on the order of those due to star seism
pulsations, it should not perturb the seismological observation
each occultation event is brief (typically less than 1 s), suc
that it involves frequenciez 1 Hz, compared to frequencies of
1 mHz and below typical of asteroseismology.

2. The apparent stellar radiug,, is a critical parameter, es-
sentially because the occultation lightcurve is smoothed on tl
stellar disk, and this smoothing effect drastically increases tt
size of the smallest detectable objects (see Table I), while it ge
erally reduces the diffraction radius: For a 1-Fsu object radit

FIG.2. Occultation profiles of a 200-m radius KBO (top) and a 1-kmradiugnd a 163 photometric sensitivityp,¢-s ~ 18 Fsu for a quasi-
KBO (bottom), smoc_)_thed on diﬁerent sized stars, for a 1-km Fresnel scale. T, 8int star, pios ~ 7 Fsu for a 1-Fsu star apparent radius, an
apparent stellar radii are 0 (thin black curve), 100 m (dark blue), 500 m (red), . . . .
1 km (purple), 2 km (cyan), 10 km (yellow). 105~ 10 Fsu for a lO-Fsu_ star, since in this case, the light fIL_J(

tuation reducesd/R,)? (as in Eq. (6)) due to the simple transit

_ - of the object over the stellar disk (that is, the geometric parti:
parameters have been fixed, the ability to detect or not detecigiyitation of the star).

object of a given size will then only depend on the photometric
precision of the instrument.

To show this dependence in the most general way possible, 4. THE STATISTICAL RATE OF A REALISTIC
Figs. 3a to 3e give the isolevels of fluctuation, that is, the max- OCCULTATION BY KBOs
imum amplitude of the fluctuation of the stellar intensity, as ) ) o .
a function of the real radius of the object and of the distance!n Section 2, we defined the statistical rate of occultation ¢
from the star to its center, both expressed in Fsu (and both §§ Probability of intersection in the sky plane of the star dis
logarithmic scale). Each figure corresponds to a given apparéfifh the KBO's diffraction shadow. The diffraction shadow;, for a
stellar radius (i.e., when projected in the occulting object plan@}/€n Sensitivit, has been defined in the previous section as tt
R., which is /10, 1/2, 1, 2, and 10 Fsu, respectively. On eacfisk of radiuso. (0, R.), and given graphically (in Fsu) for some
figure, the gray zones correspond to the geometric shadow: fRe Therefore, the computation of the statistical rate of occultz
dark gray is the complete occultation zone and the light graytIQ” remains basically the same as that in Section 2 except th

the partial occultation zone.
Using Figs. 3a—3e, we may now define the diffraction shad

Normalized light intensity | *

Normalized light intensity | *

Object—star apparent distance r (km)

(i) We must express the differential size distributiogiven

W e :
fora given sensitivity as the region where the diffraction fringeg?_{]:nq ' tE)?/’)i r?tzzgfgt?:g:)eicri] Féesgtajgﬁlg (;J glr:é'g%tii‘ji a;t:k:?;f

can be detectedi. (o, R.) will denote the radius of the diffrac- . ; s
tion shadow of a given object (called “diffraction radius” heret—he mean KBO density per square kilometer:

inafter), which can be seen as the “occultation effective radius” 2
of thg object for a given star gnd agiven photometnc sgnsmvny. 5(p.i) =14 108( + sl )eW q-1p% (13)
That is, on each figure, the isocontour of legedimply yields H
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100

10

0.1

Occulting object radius p (Fresnel scale)
1

0.01

Object—star apparent distance r (Fresnel scale)

FIG. 3. Isocontours of the maximum amplitude variation of the normalized flux of a star occulted by an object, as a function of the distance from the
sight to the KBO center (horizontal axis) and of the real object radius (vertical axis). The four nonlabeled thin contoursispéetras fore = 4 x 104321,
The gray zones correspond to the solution from geometric optics: the dark zone corresponds to a complete occultation and the light gray tat pigotialldee
figures were computed with different star sizes, namely with an apparent star radiuW, (b) % JVAD/2, (c)~/2AD/2, (d) 2/AD/2, and (e) 1¢/AD/2.

wherep is expressed in kilometers, anédndH are expressed 3e: Some numerical results are summarized in Table |, whic
in degrees. gives the occultation rate p8 h observation in the ecliptic and
(i) We must substitute the term into Eq. (1) taking into acthe radius of the smaller detectable KBOs as a function of tf
count the geometric partial occultation radigsH ®,) by the stellar radius and the rms signal fluctuatwrwith a detection
diffraction radiuso. (0, R,), all expressed in Fresnel scale unitsthresholds = 4 ), for a power law index of the size distribution
g =4. For comparison with the purely geometric rate given b
EQ. (8),Nocc Now varies roughly as —2 (for approximate stellar
(1+siPH) radii &, < 0.01 mas), while Egs. (8) and (14) yield roughly the
Noce(R., i) & 10 %v,At(y/AD /29— “ew(q—1) same rate for the largest stars.
H The most important result from Table | is that the number o
§ /200 “ap (. R)d (14) occultations for a star in the ecliptic could range from a few tc
p ppeO P several tens per night if we have good enough photometric pr
cision (i.e.,<1%) and a sufficiently small star (i.e<0.01 mas).
wherev, is expressed in kilometers per secord, in hours, This resultis basically due to the diffraction broadening of sma
A and D in kilometers, and all other distances in Fresnel scajassumed numerous) Kuiper belt objects.
units. ThenNyc«(R,, i) needs to be numerically estimated using Nevertheless, we must keep in mind the assumptions concel
the graphical values of.(p, R,) and pim given by Figs. 3a— ingthe population of KBOs which lead to the numbers of Table |

We finally obtain an occultation statistical rate as

lim
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TABLE I
Occultation Rate per Night (with the Minimum Size of Detectable KBO) as a Function of the Photometric Precision o and the Stellar
Radius R, Projected at 40 AU (with Its Angular Radius ®,), for a Differential Size Distribution of KBOs Varying as p—*

R.[®,]= 0.1 km [0.003 mas] 0.5 km [0.017 mas] 1 km [0.034 mas] 2 km [0.07 mas] 10 km [0.34 ma
0=0.1 0.01 (430 m) 0.006 (530 m) 0.004 (550 m) %80~ (1.1 km) 3% 1075 (6.3 km)
o =0.05 0.06 (280 m) 0.03 (320 m) 0.01 (340 m) 0.003 (780 m) x B05 (4.5 km)
0 =0.01 2 (120 m) 0.5(130 m) 0.2(140 m) 0.05 (280 m) % 1073 (2 km)
o =0.005 6 (80 m) 1(90 m) 0.6(100 m) 0.2(190 m) 0.003 (1.4 km)
o=10"3 85 (40 m) 17 (40 m) 7 (45 m) 3(80m) 0.03 (630 m)
o=5x10"* 250(25 m) 50(30 m) 20(30 m) 8(55m) 0.08 (450 m)

Note.All values computed from Eg. (14), with the detection threshold settdte Fresnel scale set to 1 ki, =25 km/s (opposition), =0°, H =30°, and
At=8h.

A constant slope for the differential size distribution and a radials. HOW TO IMPLEMENT AND OPTIMIZE THE SEARCH
distribution extending to 50 AU. The sensitivity of the occulta- FOR OCCULTATIONS BY KBOs

tion rates to the size distribution can be tested by considering

another, less simple, model of the size distribution: The sizeOur conclusion is thus that the search for occultations b
distribution with a constant slope with= 4 implies that KBOs KBOs using high-precision photometry is probably the only toc
smaller than 1 km radius have a collision time scale smaller thii exploring the small objects of the Kuiper belt. It is therefore
the age of the Solar System. Then, a more realistic model i§zportant to discuss which observational parameters are nec
slopeq = 4 for KBOs larger than 1 km radius and a smaller slopgary and/or possible to fit and what are the available facilities
for smaller objects (B. J. Gladman, private communication). Onplement and optimize such a method.

servation of impact craters on Triton leads to a population of o )

small objects in the outer Solar System governed by an index- Optimizing the Apparent Stellar Size

q = 3 for the differential size distribution (Stern and McKinnon and the Apparent Velocity of KBOs

2000). This model reduces the number of occultations, as shown et ys first discuss what are the best stars for occultation |

in Table 1l. For example, with a 0.1-km apparent star radius, thgOs: as already said, the diameter of a typical star, projecte
occultation rate is reduced by a factor 2éo&= 0.05, by afactor 4t 40 AU, is between 0.1 and 100 km. As we saw in Section :
6 for o = 0.01, and by a factor 20 far =5 x 10°*. the smaller the occulted star, the smaller the smallest detecta
Whatever the model we use, the radipig, of the small- kB0, and because small KBOs are more numerous, the larc
est detectable object will be fixed by the observational paramge occultation rates. The small stars will thus be good canc
tersR,, o, and the Fresnel scale. So no information below thigtes to detect KBOs especially if they are bright enough 1
lower limit of detection can be obtained from such occultatiorgro\,ide a good signal-to-noise ratio. For a given magnitude, tt
observations. However, above this limit, since the occultatigyj,e stars are smaller than the red ones (see Table IlI): an (
rate is very sensitive to the distribution slope, the method can pegx ofMy = 12 has a projected radius of 100 m. For the sam
vide strong constraints on the differential size distribution of “Tﬁagnitude, an M5 star has a projected radius of 10 km.

Kuiper belt population. We will return to this pointin Section 5.2 |4 addition to the apparent size of the star, a critical obse
since it actually depends on what and how the method is implgstional parameter is the data acquisition frequency. As seen

mented. Section 2, the relative velocity of the KBOs with respect to the
star varies from a few to 25 km/s. Then the occultation lengtt

TABLE Il which is roughly~2p, /v, is for most of them a fraction of a

Occultation Rate per Night Computed as in Table I but with second. The quadrature direction can be exploited as propo:s

a Differential Size Distribution Varying as p=2 for p < 1 km

R= 0.1km 0.5 km 1km 2km 10 km TABLE 111
Apparent Stellar Radii at 40 AU as a Function of the Spectral
0=01 0.007 0.005 0.003 8 16 310° Class and Magnitude My
o =0.05 0.03 0.01 0.008 0.003 8 19
0 =0.01 0.3 0.1 0.06 0.02 108 My= 8 10 12 14
o =0.005 0.7 0.2 0.1 0.06 0.003
0=1073 5 1 0.7 0.3 0.02 M5 star 50 km 20 km 8 km 3km
o=510"* 11 3 1 0.7 0.05  F5star 4km 2km 700 m 100 m
O5 star 800 m 300 m 100 m 50 m

Note.All other parameters set as in Table I.
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by Brown and Webster (1997) to search for occultations lastimghere X is the airmasss is the integration timekg is taken to
several seconds. However, in this direction the occultation ratdis 8 km, S is a constant equal to.@ for conditions of good
lower than that toward the opposition sing.. o v,. SO, if we seeingd is in centimeters, and is in seconds.

use a photometer of sufficiently high speed, we will increase ourFor r = 1 s, the rms fluctuations on a 2-m class telescop
chances of detecting KBOs by observing toward the oppositias. roughly 3x 103 under optimal conditions. According to
Moreover, the frequency necessary to observe the diffractidable I, this will allow us to detect (ated subkilometer ob-
fringes must be larger tha/./AD/2. For visible wavelength, jects. The largest ground-based telescopes (i.e., the 10-m cl
this minimum frequency varies from 1 to 20 Hz, which requirelescopes) allow us to marginally reaeh~ 10-2 and then to
high-speed photometry. detect about 40-m radius KBOs (see Table I).

Some useful results, concerning the 2-, 4-, and 8-m class tel
scopes when observing O5 class stars for two magnitudes (
or 10), are summarized in Fig. 4, where we have plotted th

High-speed photometric observations of stars have been ggcultation rates per night as a function of the power law in
veloped to study rapidly evolving phenomena such as occilexq of the subkilometer KBO size distribution (with= 4 for
tation by Solar System objects or asteroseismology. A o~ 1 km as in Table Il). We have also indicated in this figure, fol
plete analysis of the perturbations in a high-speed photomeigigch telescope diameter, the approximate radius of the small
lightcurve and in occultation lightcurves, in particular, can bgetectable KBO. In each casNocc is computed for optimum
found in Warner (1988). If the star is not too faint, the noise ofbserving conditions, i.e., O5 stars, observed from good site
a hlgh time resolution Iightcurve is dominated by SCinti”atiOlih the ec|iptic and at the Opposition, with te|escopes equippe
which affects the stars independent of their brightness. The r@ogh a sufficiently rapid photometer (at least 20 Hz). Figure
signal fluctuation observed with a telescope with a diantetr shows thalN..increases exponentially with but this variation
an altitudeh above the sea level can be written as (Young 1964)so strongly depends on observational circumstances: We m

thus expect that an observation campaign on various sites and
o = Sd¥3X¥2e M o(2r) 12, (15)  with different instruments and/or observing different stars coul

5.2. Implementation Using High-Speed Photometry

10

| I B} |
o
%

Occultation rate per night

2.5 3.0 3.5 4.0 4.5
power law index q

FIG. 4. Occultation rate per night as a function of the power law ing@x the KBOs size distribution for 2-, 4-, and 8-m telescopes equipped with a 20-+
photometer when observing an O5 star (under optimal conditions) of visual magnitude 12 (bold lines) or magnitude 10 (thin lines).
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provide by cross-checking a good estimationgoéoncerning 6. THE VALIDITY OF THE DETECTION

these elusive small KBOs. One can also see in Fig. 4 how

important the choice of star is when implementing the searchThe main limitation of this method is the uniqueness of thi

for occultations by KBOs: For example, the decrease in occ@iccultation. It is not possible to redo an observation to verif

tation rate is roughly the same when passing from an 8- to a 4th¢ reality of the detection. Moreover, the objects detectab

telescope with an O5 star of 12th magnitude as when passigh this method are mostly undetectable by other technique

from a 12th to a 10th magnitude OS5 star with an 8-m telescopilen the question is: How can we be sure we have detected
Let us finally remark that, in Tables | and I, the=5 x 10~4  occultation by a KBO and not an asteroid, a comet, or a bird

case is unreachable from the ground, but might be achievabl@fhelectric discharge?

space, if we obtain fast enough photometry on such space facilThis question has already been encountered during studies

ities (present or future). In this case, the number of occultatioB&netary rings. The Uranus and the Neptune ring system, unc

could indeed be spectacular and decisive for our knowledgetegtable from the ground until recently, have been discovered a
the Kuiper belt size distribution. explored by stellar occultations. The reality of an occultation b
the Uranus rings have been confirmed by the symmetrical di

observed on the two sides of the planet, but the incomplete ar

5.3. KBOs Research Using a CCD Camera of Neptune have been much more difficult to catch. To assesst
A possible approach for detecting KBOs by occultation irseality of an arc detection, the observa_tions were conducted_|
to observe several stars simultaneously for as long as possi nearby t_elescopes. Some opcultaﬂ_ons_prowded arc profil
&/Bh S/N ratio good enough to fit the dip with a semitranspar

This requires the use of CCD cameras. The advantage of C b del and rei he h hesis of lid bodv (Si
cameras over photometers is that the probability of detectiorjat Par model and reject the hypothesis of a solid bo y (Sicart

multiplied by the number of stars; the limitation comes fronf. al.1991).

the reduced acquisition frequency, which cannot, presently, bé:) ur(ljng_frllanetatr% occultagorss,_lso'\llatec: evezts WerehoItePtol
larger than a few hertz. served with one telescope but wi8fN not good enough to fi

A program dedicated to the detection of KBOs has been E?”_‘ (Nicholsoret al. 19.90)' Qne of them has been co_nfirmec
veloped in Taiwan, the Taiwan American Occultation Surv smultaneous detection with nearby telescopes during an
(TAOS) team, which deploys a set of small telescopes alon léltann by Uranus. It has been analyzed as the occultation

7-km east—-west baseline. These robotic 50-cm telescopes eqUi -A-km object near Uranus (Sicareyal. 1986). Using the

ped with CCD cameras will automatically monitor 3000 star% esent work, we found that the probability of occultation by

They expect to detect ten to thousands of events per year ( g(?? § during such o_bservatlons was some tens qf percent |
night. Then, several isolated events observed during the plar

http://www.taos.asiaa.sinica.edu.tw). 9 Itati Id be d KBO
Another possible tool for exploring the Kuiper beltis the Spactgr[);.?fccu tft'or:i Cgu eb ue todt S- th litv of th

satellite COROT, a French mission of CNES dedicated to astero— < ont MENods can be used o asses the reality oTthe C

seismology and studies of exoplanets by transit. To achieve ﬂﬁgltatlon and to possibly discriminate an occultation from a fals

COROT will perform high-precision photometric observation ofventoran occultation by another object in the Solar System

several thousands of stars with a 25-cm telescope equipped wite As for planetary occultations, the reality of an occultatior
CCD cameras. The two fields, corresponding to the two prean be confirmed by simultaneous observation from nearby tel|
grams, have slightly different optics. The two main programsopes, or with multiobject photometers. However, this does n
will record continuously the same fields for six periods of fivallow us to determine the distance of the occulting object.
months, separated by one-month periods which can be used fo§ The direction of the shadow motion can also be used,
complementary programs. The asteroseismology program wline by the TAOS team who validate the event by successi
record a few very bright stars with an acquisition frequency efetections by telescopes spaced a few kilometers apart on
1 Hz. The number of KBOs detected during this program will begst—west baseline.

limited by the large size and the small number of stars. With thee Table IV shows the parameters of the occultations in tern
above hypothesis concerning the KBO's size distribution, th the distance of the occulting object. The minimum size of de
detection rate will vary from one to one hundred per month, dgsctable objects (last column) shows that asteroids of a few te
pending on the direction of observation. KBOs larger than 2008f meters could be detected. However, the asteroid populati
can be detected. The extrasolar planets program willrecord th@probabw 18 times less numerous than the KBO popu]ation
sands of stars. However, the minimum integration time will behen, even if smaller objects are involved, the probability of oc

30 s. Hence the detection rate will be limited to 0.5 to 50 peuiltation by KBOs is a thousand times larger than by asteroid
month and the smallest detectable KBO will be 1 km. A program

dedicated to the research of KBOs would record 100 stars withThe velocity of a KBO in the sky plane for a given direc-
afrequency of 1 Hz and could detect 250 events per day. A ofgn depends on the distance of the occulting object (Eq. (5)
month program could determine the spatial distribution and the probability of occultation is minimal and the duration of
size distribution of the objects (Roques 2000). the occultation is maximal toward the quadrature, that is, 81



542 ROQUES AND MONCUQUET

TABLE IV profiles could give information on the Fresnel scale and, the
Occultation Parameters—Fresnel Scale Fsu, Quadrature Direc-  on the distance of the occulting object.
tion w, Apparent Velocity v, at the Opposition, and Object Size Limit e An occultation profile on a unique lightcurve with a high

of Dete_ctabili_ty pim—for Various Heliocentric Distances Day ofthe  5/N and high-speed acquisition should exhibit the diffractior
Occulting Object fringes (see Fig. 6 and Roques 2000). These features may be
alyzed to retrieve the Fresnel scale and thus provide the distar

D Fsi? wl[quad.] vo[opp.] Plim® . . . o . .
n ° i of the occulting object (this analysis, like the previous point
3. 245m 55 13 km/s 25m is notin the scope of the present paper and will be carried ol

40. 1.1km 81 25 km/s 130 m elsewhere).

100. 1.7 km 84 27 km/s 200 m

108 5.5km 88 29 km/s 700 m

10° 17 km 89 30 km/s 4 km 7. SUMMARY AND FINAL REMARKS

10° 55 km 90 30 km/s 55 km

In summary, here are the main points treated in the prese

aAL0.4 um. paper:
b Detected at 4 for o = 1% and®, ~ 0.003 mas. ) ) ] .
—A model of the occultation phenomenon is derived taking

diffraction into account: This diffraction greatly broadens the

fr_om t_he opposition for objects at 40 AU from Fhe Sun, but thSze of the KBO shadow (Section 3). The occultation rates con
direction of the quadrature changes with the distance of the oc-

culting objects: When several events are detected, the numﬁ]%tred with these diffracting models are much larger (Section -
of evegnts {Nith .res ect to the direction of observatii;nan be an those computed only using the geometric shado

. P . . . (Section 2). We therefore expect the number of valid occul
used to infer the distance of the population of occulting objec

The high occultation rates estimated above for large telesco ét lons (defined as adevent) to increase from a few to several
g X . 9 R&Rs per night, if we obtain an rms signal fluctuatiorng 1%
make these speculations plausible.

and observe stars in the ecliptic with angular radiiisO1 mas.
¢ If an occultation is observed at different wavelengths, the —Occultation rates are computed for a differential size distri
profiles are different (see Fig. 5), and the comparison of the diptionocp~% with a constant indeg = 4 (Table I); with a double
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FIG. 5. Synthesized lightcurve of the occultation of a star by a 0.2-km KBO observed amnd.dipper curve) and 1.2m (lower curve). The star radius
projected at 40 AU is 0.3 km and the noise= 1%.
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FIG. 6. Synthesized lightcurve of a stellar occultation observed with high photometric preeisiof.001 and exhibiting diffraction fringes. The object
radius is 40 m and the star radius is 100 m, both projected at 40 AU. The acquisition frequency is 20 Hz and the object apparent velocity is 3 km/s.

index differential size distributiorg = 4 for objects larger than particular this is the only method for detecting the populatiol
1 km, and for subkilometer objectq, varies from 2.5 to 4.5 of small (subkilometer-sized) KBOs which should contain mos
(Fig. 4). The differences between the occultation rates for difif the mass of the Kuiper belt. Let us note however that suc
ferent sites, instruments, or occulted stars show that, with seveaalobservation of serendipitous occultations is not a discove
occultation data sets, it should be possible to provide a good egeach occulting object because the orbit of the object remail
timation ofg for the small KBOs. unknown. In other words, this method allows us to explore th
—The main limitation of the photometric precision comepopulation as a whole, but not the individual objects.
from the scintillation of the star, which remains about the sameWe foresee two ways to extend the present work: On one har
to avisual magnitude ef12. The blue O5 stars are the best carthe simultaneous observation of an occultation at two differel
didates for detecting KBOs since they have the smallest angulavelengths provides events of different depth, which could a
radius ¢~100 m at 40 AU) for 12th magnitude. low us to retrieve the Fresnel scale and then to determine t
—Stellar occultations by Solar System small objects involwistance of the occulting object. On the other hand, if we coul
very rapid fluctuations of the stellar flug( Hz), so that rapid obtain both high-speed and high-precision photometric obse
photometry must be used. Moreover, the occultation events a&etions (on a telescope5 m or from space), we could observe
shorter but more numerous when observed in the antisolar tfie diffraction fringes of each occultation event and identify in
rection, so we may optimize the detections of KBOs with dividually, instead of statistically, the occulting objects. In this
high-speed photometex @0 Hz). case, we could deduce the object size and location by fitting o
—In the near future, observations with the French space mixcultation model to the precise light profile of the event. The
sion COROT will provide an excellent opportunity to explor@ccultation could also be used to explore other small body pop
the Kuiper belt using this occultation research method. lations in the Solar Systera,priori more rare in the sky than the
KBOs, such as asteroids or comets in the Oort clouds, or sm
We have shown here that stellar occultations can detecbadies possibly confined as a nest of gravitational stability, ¢
population of very small objects, invisible by other observatiathe Lagrangian points of the planets. Itis currently very difficul
methods, and that these detections can be statistically exploitecevaluate the probability of observing occultations by suc
if the population has a sufficient surface density on the sky. a@ibjects but we think these points deserve further investigatior
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