Satistical Science

2004, Vol. 19, No. 2, 265-274

DOI 10.1214/088342304000000378

© Institute of Mathematical Statistics, 2004

Statistical Methods for
Occultations by Kuiper
Taiwanese—-American O

Detecting Stellar
Belt Objects: The
ccultation Survey

Chyng-Lan Liang, John A. Rice, Imke de Pater, Charles Alcock, Tim Axelrod, Andrew Wang

and Stuart Marshall

Abstract.

The Taiwanese—American Occultation Survey (TAOS) will detect

objects in the Kuiper Belt by measuring the rate of occultations of stars
by these objects, using an array of three to four 50 cm wide-field robotic
telescopes. Thousands of stars will be monitored, resulting in hundreds of

millions of photometric measurements

TAOS, we have investigated various

per night. To optimize the success of
methods of gathering and processing

the data, and developed statistical methods for detecting occultations. In
this paper we discuss these methods. The resulting estimated detection
efficiencies will be used to guide the choice of various operational parameters
that determine the mode of actual observation when the telescopes come
on line and begin routine observations. In particular, we show how real-

time detection algorithms may be co

nstructed, taking advantage of having

multiple telescopes. We also discuss a retrospective method for estimating

the rate at which occultations occur.
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1. INTRODUCTION

Since the middle of the last century, there has been
increasing speculation that a residual protoplanetary
disk existed beyond Neptune that consisted of a vast
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number of remnants of the accretional phase of the
early evolution of the solar system. This belt is the
source of most short-period comets, those with periods
of 200 years or less (Edgeworth, 1949; Kuiper, 1951;
Fernandez, 1980). Observational success was first
achieved with the discovery of 19920QB1 (Jewitt and
Luu, 1993). Major observational efforts since then
have identified about 500 objects, the largest having a
diameter of about 900 km. Studies of the Kuiper Belt
have been reviewed by Weissman (1995), Stern (1996)
and Jewitt (1999).

At 50 AU (1 AU is the average distance from the Sun
to Earth, i.e., 49 x 168 km), we can currently only
directly observe objects larger than around 100 km,
since smaller objects do not reflect sufficient light.
Thus, other methods are needed to detect smaller
objects, which are far greater in abundance. The idea
of the occultation technique (Bailey, 1976; Axelrod,
Alcock, Cook and Park, 1992) is simply the following:
One monitors the light from a sample of stars that
have angular sizes smaller than the expected angular
sizes of Kuiper Belt Objects (KBOs) we hope to detect.
An occultation is manifested by detecting the partial
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or total reduction in the flux from one of the stars for
a brief interval, when a KBO passes between it and
the observer. This technigue will allow the detection of
objects with a radius of only a few kilometers and/or
larger objects lying beyond 100 AU, objects which
have thus far been undetectable by direct observation.

The Taiwanese—American Occultation Survey
(TAOS), a collaboration involving the Lawrence Liv-
ermore National Laboratory (United States), Acad-
emia Sinica and National Central University (both of
Taiwan), will use this stellar occultation technique with
an array of three or four wide-field robotic telescopes
to estimate the number of KBOs of size greater than a
few kilometers. Each of these 50-cm telescopes will
be pointed at the same 3 square degrees of the sky
and will record light from the same approximately
2000 stars. The telescope array will be located in the r,; 1 46+ 32 arcsec sections of simulated images of two star
Yu Shan (Jade Mountain) area of central Taiwan (Ion- fieids. Top: a sparse field (RA 9.61833h, Dec 0.7250°); bottom:
gitude 120°5®8E; latitude 23°3(N). a crowded field (RA 4.905 h, Dec 29.275°).

The detection scheme will need to operate in real-

time, as the data is being gathered, in order to alertof gpservation at quadrature is around 80°. The KBO
more powerful telescopes for followup. It is anticipated s said to be observed apposition when the relative
that a large amount of data will be generated on ayelocity is at its maximum—for a KBO moving at
nightly basis, yielding about 10,000 gigabytes of data 4 km s~1 (which is typical for an object at 50 AU), this
and 13°-10'? occultation tests per year. The challenge maximal relative velocity is 26 kn, since the Earth
is to detect among these only a small number of moves at about 30 km$. Figure 2 shows the KBO
occultations, perhaps tens or hundreds (the uncertaintyat opposition and at quadrature. The relative velocity

in this number reflects our ignorance). of an object in a circular orbit at AU, at angle of
observatiory, is given by
2. TAOS OBSERVING SCHEME RV(r. )
The imaging system at each telescope consists of(l) >
a thermoelectrically cooled charge coupled device —, Cowvé\/(g) (1_ (E) sin2<p),
(CCD) camera with a 2048 2048 pixel CCD detector r r
(pixel size is 2.89 arcsec). where v, and r, are the velocity and heliocentric

At the time the research presented here was con-distance of the Earth, respectively. We will consider
ducted, the final selection of star fields had not yet two relative velocities: 20 km s (near opposition)
been made, other than that they will be near the eclipticand 6 km s (near quadrature).
plane (the plane of the Earth’s orbit). Although naively
one might think that the denser star fields might be
more profitable for revealing occultations, the detec-
tion scheme has to deal with crowding of stars and sky
background. We will thus consider both crowded and
sparse fields (Figure 1). )

The angle of observation will affect the properties of " Angln af Coret it Cisidvating
the occultation, since the relative velocity of the KBO i Ouadrure

- ; dkmds

with respect to Earth will depend upon it. The KBO
is said to be observed guadrature when the relative
velocity is zero. The angle of quadrature depends upon Comet a1l Oppositon

the KBOs heliocentric distance (the distance to the

center of the Sun). For a KBO at 50 AU, the angle FiGc. 2. KBO at opposition and at quadrature.
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The proposed mode of observation for TAOS is () star
the following: We track the stars at the sidereal rate (the b
rate at which distant stars appear to move across
the sky) ford: seconds, so that a star will always Phalons
illuminate the same pixels, then rapidly shift the CCD
counts with respect to the star by a set number of pixels
at set intervals of time. The “star trail” would then
resemble a zipper, with clusters of counts at spaced
intervals, which we refer to akolds, with the hold
timedt. Charge from successive rows of pixels will fall
into the horizontal register of the CCD and may be read
off. The resulting “exposures” are very long: data will CLD Sensor
be read out continuously and we will only close the | Star
shutters when we wish to monitor another star field. _—
Figure 3 shows the data-taking process at two different
time points. Figure 4 shows a section of a simulated
zipper mode image. The alternative to zipper mode
would be to hold the telescope’s position fixed so that
the stars produce trails across the CCD. A disadvantage
to this latter scheme is that the shutter would have to be
frequently closed and opened so that the accumulated o
photons from the sky background did not overwhelm A T T
the trails, with consequent frequent shutter failures. Couniz Shitin
It also turns out that detectability is higher in zipper CCD Sensor
mode. . . .

Smearing reSl_JIting from the_ transit time between ff'séfhcsz:‘%%?eg??:ém;h;mﬁb;rﬁ;pﬁ:;ﬂx Qr?éd;
holds cannot be ignored. The pixels accumulate countsy,q pottom.
from the star as we wait for each row to be read off
the horizontal register of the CCD. For a transit time of ] )
1.3 ms versus a hold time of 200 ms, the counts in thethe field, the more overlapping occurs. The amount of
“transit” pixels will roughly be J150th of the counts overlapping, for any particular mode of observation,
for the “hold” pixels. This may be a problem if we have May be determined before observation begins. We note
a very bright star, which smears over a less bright star,that, for shutterless zipper mode, with regularly spaced
even if the hold pixels do not coincide. holds, except for the first few and last few observations,

The degree of overlapping stars depends on the staan overlapped hold will always be overlapped and an
field being monitored: Typically the more crowded nonoverlapped hold will always be nonoverlapped.

ool Shittad

FiGc. 4. Surface plot and intensity plot of a section of simulated zpper mode image.
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3. NOISE AND SIGNAL ZES
@__ KBO Dby an
3.1 Noise e = Earth
The images contain noise from several sources. Impact Pasamater __'—"-—;]‘::-

There are random fluctuations in the photon counts,

which are modeled as Poisson noise. Atmospheric tur-FIG. 5. The impact parameter for the occultation of a star
bulence causes photons that originate from a particu-PY aKBO.

lar source to fall onto different locations on the CCD

detector at different points in time, giving rise to “im- square wave for which the time of onset, amplitude
age motion.” The noise introduced by the CCD elec- (fractional decrease in flux) and duration are random.
tronics (readout and dark noise) is assumed to follow We do not think that phenomena ignored by this
a known Gaussian distribution. Additionally there may jdealization significantly affect the results we report,
be stellar occultations by terrestrial (e.g., birds) and ex- since the test for an occultation will be based on total
traterrestrial objects (e.g_.,_asteroids), oth_erf[har_l KBOS.flux reduction during a hold and since shallow, brief
Gamma-ray bursts may inject photons; diminution and gccyltations will have small detection probability. For
augmentation of star intensity may be due to the starfiyeq heliocentric distance and angle of observation,
being variable and not all variable stars are catalogued 4,4 joint probability distribution of the amplitude and
3.2 Signal duration is determined by the impact parameter and
the diameter of the KBO. We assume that the impact
parameter is uniformly distributed and that the KBO
diameter follows a power law with parameter= 3.5
equal to that for asteroids in the asteroid belt. Let
N(c)dc denote the number of KBOs with diameter
betweenc and ¢ + dc. We have, forc between
cmin @ndemax the approximation

The occultation of a star by a KBO will result in a
reduced photon count from the star for gheation of
the occultation, where thamplitude of the occultation
is a measure of this reduction. Thieset timeis defined
as the time of arrival of the “signal,” which is the
reduction in counts from that star.

The signal is affected by the diameter of the KBO
and theimpact parameter of the occultation, which c\"?
we define as the minimum angular distance over the (2) N(c)dc= No<c—) dc.

KBOs trajectory between the center of the occulting 0

KBO and the center of the star that is being occulted. For observations near opposition, Figure 6 shows the
If the impact parameter is zero, the path of the centerresulting joint probability distribution of amplitude and
of the KBO will cross that of the center of the star, duration, determined from the probability distributions
so that for certain angular sizes of star and KBO, the of amplitude and duration. From the figures we see that
reduction in counts from the star will be total, for at the amplitude is typically about 0.3 and the duration is
least one instance in time—see Figure 5. typically about 100 ms.

We idealize a geometric occultation (one for which ~ Such probability models can be developed for a
the effects of Fresnel diffraction are negligible) as a set of fixed heliocentric distances and fixed angles of

FIG. 6. Thejoint probability density function of amplitude and duration (in seconds) when observing near opposition. The relative impact
parameter isrestricted to theinterval [0, 0.9].
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observation. In the example above, the angular sizealarm rate isx and there are&k telescopes. For each
of all stars was fixed to be that of a 4-km object at telescope we pool all the standardizéd; from the
50 AU. We assume that the velocity of an object at eachset of preliminary observations together to form an
heliocentric distance is constant and equivalent to thatordered seX;; < Xy2 < --- < Xy, Wheren is the total

for an object making a circular orbit. number of star-holds. Let; be the integer such that
my/(n + 1) is closest toxl/X. A new observation is
4. DETECTION SCHEME now tested by standardizing its measurement at each
telescope as above, yielding valuésy, ..., Yk, and

We wish to design statistically and computationally
efficient detection algorithms, guided by theoretical
arguments and simulations, keeping in mind that the
algorithms should run in real time on a large number
of star trails. The occultations are expected to be
infrequent and for credibility the false alarm rate
should be controlled at a small level, such as*0
Since we expect to make 1B-10'2 tests per year, this
choice would lead to a false alarm rate of less than
1 per year.

Consider the measurement of the flux from a given | ) k o
star in one hold. In principle, using the idealizations Ndependent random variable having the same distrib-
above, the probability of that measurement can be Ution. ThenP(Z < Z,)) = m/(n +1). The applica-
evaluated under the assumption of no occultation andPility Of this result in our situation depends on some
under the assumption that an occultation has occurred!déalizations. First, we assume that the noise is inde-
This allows construction of a likelihood ratio test (Rice, Pendent between telescopes, which seems plausible if
1995) which would be optimal if the idealizations and they are sufficiently far apart. This assumption is prob-
assumptions held. For computational considerations@Ply the most crucial and will have to be investigated
we use a simple approximation to this test. For further ONce the telescopes are operational. Second, we as-
discussion of a likelihood ratio test and tests based onSUMe that the noise affecting the measurement in each
multiple holds, see Liang (2001). star-hold is independent of that affecting others. This

Consider first a single telescope. For a set of pre- is reasonable for the noise arising from photon fluctua-
liminary observations of each monitored star hold, we tions and CCD electronics; it is less so for atmospheric
Compute the median and the interquartile range Of theturbulence, but that is at least local in time and Space.
sequence of flux measurements. These flux measureThird, we assume that when there is no occultation,
ments could be obtained by summing the counts in the probability distribution o, does not depend on
a pixe| neighborhood (aperture photometry) or by fit- s or h. One of the purposes of the standardization de-
ting the point spread function (psf). (We are currently scribed above is to make this latter assumption more
working on how best to extract flux measurements for valid: Dividing by the interquartile range attempts to
individual stars from the CCD array in real time with compensate for difference in variability among stars
the complications of overlapping and image motion.) of differing magnitudes. Allry;, should then have ap-
These initial values are used to standardize subsequerRroximately equal first and second moments. If the flux
flux measurements from that star: the median value isdistributions were Gaussian, for example, the distribu-
subtracted from the flux and the result is divided by the tions of the standardized statistics would all be identi-
interquartile range. We use the median and interquar-cal.
tile range rather than the arithmetic mean and standard The time dedicated to collecting the preliminary set
deviation to guard against occultations and aberrantof observations used for calibrating the test as above
outliers. LetY;,;, denote the resulting test statistic for need not be great. For example, suppose that 2000 stars
hold 2 of stars on telescopé. are monitored with a hold time of 200 ms on three

We now describe a test based on measurements atelescopes. Then in 100 s we can collect 4@r-holds
multiple telescopes which flags a star-holdrjf;, is on each telescope, and to set a false alarm probability
sufficiently small at each telescope, based on the setx = 10~12, the procedure requires a minimum of
of preliminary observations. Suppose the desired false10* observations on each telescope.

is flagged as an occultation ¥y, < X, at all
telescopes. In words, a suitably small observation is
found at each telescope based on the initial set and new
observations are then flagged if they are smaller than
each of these thresholds.

That this procedure has the desired false alarm rate
« is due to the following fact: Le¥y, ..., Z, be in-
dependent random variables from the same continuous
probability distribution and denote the ordered obser-
vations asZ(1) < Zi2) < --- < Z(n). Let Z be another
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It is strictly appropriate to use this data-determined with a false alarm probability of 10"2. If there were
threshold only if there is no occultation during the four telescopes, only 3 min would be required. An
preliminary collection stage, which would almost cer- intermediate alternative would be to group the stars
tainly be the case because of the rarity of occultations.into homogeneous sets.

However, even if there were one, the values of the or-
dered observations used to form the test would only be 5. SELECTED RESULTS FROM SIMULATIONS

slightly perturbed. o We constructed a simulator that incorporates zipper
There are significant advantages in this data-based,,qqe operation and the noise sources mentioned in

method of setting a threshold. The alternative would be gactign 3.1, and occultations generated from the model
to rely on simulations, which might not be sufficiently  qescribed in Section 3.2. Simulated images can be used
realistic and would furthermore have to be tailored t0 {5 getermine operational parameters to maximize the
each star field, sky level and “seeing” (the extent t0 yetection rate.
which images are blurred by light diffraction in the The simulator takes a star field as input; in the
turbulent atmosphere). _ _ results described below we used the United States
As we stated above, the strict validity of this method p5y4 Observatory (USNO) catalogue. We consider
of determining a threshold assumes that the statisticsyyg star fields (1), which we denote as crowded
Yisn have the same distribution, for fixéd In reality field (RA 4.905 h, Dec 29.275°) and sparse field
this probably will not be exactly the case, in particular (RA 9.61833 h, Dec 0.7250°). The crowded field has
because of the effects of crowding. Although our 56 044 stars and the sparse field has 11,467 stars in
standardization takes account of differing level and three square degrees. The catalogue is complete down
variability of the flux distributions of different stars, tg magnitude 17—18 and the sky background brightness
those distributions might differ in their shapes in \was set equivalent to that of a star of magnitude 20
other ways as well, for example, they might differ in - (magnitude is a measure of the brightness of stars on a
skewness. Thus it is beneficial to eliminate some starsjogarithmic scale with larger magnitudes correspond-
from the list of those monitored. The criterion we have ing to dimmer objects).
been using is to identify in our simulations those stars  \\e first illustrate the advantages of using multiple
that result in a large number of false alarms. Thesetelescopes revealed by a simulation, in which the tele-
false alarms are typically caused by a combination scopes were taken to be identical and independent. Ta-
of image motion and nearby bright stars. Eliminating ble 1 shows the detection probability for different false
such stars in fact increases the chances of detectinglarm probability and differing numbers of telescopes,
occultations of others, since their inclusion results in based on a simulation of 418 holds for each of 371 stars
a more stringent threshold. with around 1500 occultations generated from the dis-
In principle, we need not combine observations tribution shown in Figure 6. From this table we see
from different stars, but could construct a different that using two telescopes rather than one enables us
threshold for each star by applying the procedure to reduce the false alarm rate from10to 10-8 with
described above star by star, with no pooling. If only a very slight decrease in detection rate. Introduc-
there were three telescopes, we would need abouing a third telescope has the effect of reducing the
30 min to collect 10 observations on each telescope, false alarm probability to 102, while only decreas-
which would be just sufficient to construct a test ing the detection probability from 3.6 to 3.5%. If the

TABLE 1
False alarm and detection probabilities for single and multiple tel escopes near opposition
(stars with magnitude less than or equal to 15 were monitored)

Onetelescope Two telescopes Threetelescopes Four telescopes
FA. Detection F.A. Detection FA. Detection FA. Detection
prob prob prob prob prob prob prob prob
1072 0.187 104 0.126 106 0.110 108 0.101
1073 0.095 106 0.076 109 0.060 1012 0.056

1074 0.036 108 0.036 1012 0.035 1016 0.033
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false alarm probability is held fixed, the detection rate MRET e e

increases when more telescopes are used. Of course 10 F wied | -
the details of these results depend on the simulation [
and, even more importantly, on operational parameters )

such as choice of star field and the background level
of light in the sky. Qualitatively, the important conclu-
sion is that by using more telescopes, false alarm prob- an
abilities can be drastically decreased with little loss '
in detection rates and that detection probabilities can |
be increased while the false alarm probability is held ML o e
fixed. Although the detection probabilities are small, : ' 14 L
we note that there are many more dim stars than bright
ones, and occultations of the former are much harder toFic. 8. Comparison of the efficacy of observing near quadrature
detect. If only bright stars were monitored, the proba- for the crowded and sparse fields and a hold time of 200 ms. The
bilities would be substantially larger (90% or more for Value x is proportional to the expected number of occultations
magnitudes less than 10.5 or s0), but there would bed&ted andis shawn asafunction of cutoff magnitude
a loss in the total number of detections. This issue is
discussed further below. little gain in monitoring stars with magnitudes greater
Decisions must be made about whether to observethan 13.5. We note, however, that near quadrature it
near quadrature or near opposition. On the one hand]s likely that successive holds would be occulted and
occultations observed at quadrature will have longer @ test that took into account multiple holds would re-
durations and thus should be easier to detect, but, orsult in higher detection rates. In one simulation this
the other hand, there will be more occultations at oppo- increase was on the order of 20%, which leads us to
sition because the speed of a KBO relative to Earth will conclude that overall it is still favorable to observe near
be larger. Simulations can be used to investigate thisopposition.
trade-off; Figure 7 shows a comparison. The valumn The choice of star fields to be monitored can also
the vertical axis is proportional to the expected number be guided by simulation. Again there are trade-offs:
of occultations detected, assuming that the occultationAlthough crowding may increase the noise level, es-
rate is proportional to the relative speed of the KBO to pecially when coupled with image motion, making
Earth. (The constant of proportionality depends upon the detection of individual occultations more difficult,
the density of KBOs, the number of stars monitored a larger number of stars would be monitored, hence in-
and other factors as well.) Variable depends on the creasing the number of occultations per unit time. Fig-
cutoff magnitude for monitored stars as shown on the ure 8 compares the expected number of occultations
horizontal axis. From the figure we conclude that it detected in a crowded versus a sparse field. We see that
is favorable to observe near opposition and that there isthere are substantial gains to be made in monitoring the
crowded field.

1 | AV R L Al S 1 R S The simulator thus has great utility in guiding the
choice of various operational parameters. As a further
a6t . example, we can examine the effects of alternative
choices of zipping parameters (the duration of holds
and the number of shifts between holds) for different
angles of observation and different phases of the Moon.

= EOf _ -

Kognitude

gty § 6. RETROSPECTIVE ESTIMATION OF
OCCULTATION RATE

G i 17 14 fi In the previous section we focused on detecting oc-
L. cultations in real or near-real time. This would enable

Fic. 7. Comparison of the efficacy, 1, of observing near quadra- discovery of particular objects, some of which might

ture or near opposition for the crowded field and a hold time of be large enough to follow up optically. Beyond this
200 ms. Results are shown as a function of cutoff magnitude (i.e., however, there is great interest in estimating the total

only stars brighter than the cutoff magnitude are monitored ). abundance of KBOs or at least placing bounds on this
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guantity, since essentially nothing is known about the The most promising approach to retrospective analy-
small (kilometer sized) population. Such information sis that we have found is based on the concept of the
will help constrain theories of the formation of our so- “false discovery rate.” The aim of the testing method
lar system. Thus we would wish to try to pool the re- described earlier is to control the expected number of
sults of observations over a long period of time, such asfalse alarms per unit time by controlling the false alarm
ayear, to address this question. Note that there is a disProbability to be at a desired valye The aim of a re-
tinction between making and enumerating detectionscently proposed procedure (Benjamini and Hochberg,
in real time as compared to such retrospective studies 1995) is different: it proposes to control the expected
For example, in a retrospective mode, one is not as in-Proportion of flagged signals which are false alarms—
terested in which particular events showed occultationsthe false discovery rate (FDR). The procedure works
as in estimating the total number of such events. Thus,2S follows. Suppose that independent hypotheses

different methods of statistical analysis may be appro- ha\lle beeg te<sted with co:fresponding ﬁrdqvedilL:ssb
priate in the two endeavors. p(D) = p( =--- = p(n). In our case these would be

From a year of observing, we would have archived p values dete;rmmed as described n Section 4 for all
0 2 . . then occultation tests conducted during the period un-
the p values of 18°-10" tests. In all but a tiny fraction : : n . I
of cases, the null hypotheses will have been true ThisCler consideration. Let @ « < 1 be t € desired value
Akno n fractions. the occultation rate. could be‘ as for the FDR and lek be the largest integer such that
u W 7 lont, utatl » col p(k) < ak/n. Then if hypotheses that correspond to
large as 10, but is unknown even to an order of

: Lo p),..., p(k) are rejected, the FDR is less than or
magnitude. The distribution of values underthe null o, 5 tay. To contrast the two approaches, note that an
(no occultation) is uniform. The distribution of the

S X \ event is flagged by the former procedure if gizvalue

P values under the alternative is not identical from g |ess thary, whereas it is flagged by the FDR proce-
test to test, but depends on the star being monitoredyyre depending on the rank of itsvalue, which can
and other operational parameters that are not constantgn|y pe determined retrospectively.

Were the marginal distribution aP values under the  This procedure is illustrated in the following simula-
alternative known or able to be reliably estimated by tion. Suppose we monitor stars of magnitude less than
simulation, one could consider fitting a mixture to the or equal to 13.5 (see Figure 7) using three telescopes.
empirical distribution of all the? values, but thisis not  Forn = 10'° and 300 real occultations generated from
the case. In some simulations, we found the estimatethe model described in Section 3, the FDR procedure
of A not robust to misspecification of the distribution was implemented forx ranging from 0 to 0.8. Fig-

of P values when there is an occultation. ure 9 shows the results of replicating this 200 times.
0.8 ' ' 600
(a) 500t (B)
0.6 -7 A
) f 400
0.4t ] 300
) 200
0.2r1
Bt 100
0.0k Of s
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
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130 800

120F 6001

110F [} 4001

100 200

90 . . . o] . . .
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
« «

FIG. 9. Mean (unbroken) +2 standard deviations (dotted ), using 200 repetitions for (a) proportion of false detections; (b) number of false
detections; (c) number of real detections, ¢ ; (d) number of detections; n = 1010 and number of occultations = 300.
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Figure 9(a) is especially noteworthy. We see that the As noted above, the fraction of star-holds in which
FDR is very close tar, not merely less than or equal occultations occurred would provide important infor-
to « over the entire range af. Also, the variance is ~ mation about KBO abundance. We thus propose a
small. For comparison, if the procedure controlling the method for estimating the occultation rate.

false alarm probability to be 132 was used, the de- We note that the number of occultations will be
tection probability in this simulation would have been greater than or equal to the number of real detections.
21.8% and thus we would expect 65 occultations to AN estimated lower bound for the number of occulta-
be detected. (The detection probability is substantially 10ns Will then be given by,. We definex to be the
higher than in Table 1 because of the magnitude cyt-Occultation rate in our data, given by the ratio of the
off.) By contrast, if the FDR were used to determine a number of occultations to the total number of tests con-
subset with eql,JaI t0 0.05 or 0.10, we see from Fig- ducted. In this way, lower bounds faras a function

. of « are estimated bj, = ¢o/n. The number of real
ure 9(c) that more than 100 real occultations would be detections will increase with, so viewingj., as an es-

mclyded. . _ timate of A, the bias will decrease asincreases. On
Figure 9(a) suggests that if FDR is controlled at e gther hand, the variance increases with increasing

level o, the proportion of false detections will in fact 55 shownin Figure 10. Both these effects are shown in

be quite close tax. Thus if the number of flagged Figyre 11.

signals is2, it is natural to estimate the numberofreal  As noted previously, the brighter the star, the higher

detections among them Ig, = (1 — @)$2,. Figure 10 the detection probability in general, so it may be

shows the error in estimating, as a function ofx. beneficial to limit estimates to brighter stars for the
We see there that the error is small, but increases as purpose of estimating the occultation rate. In Figure 12
increases. we see that ak increases, the relative error decreases.
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FIG. 12. Relativermserror in estimating A. Number of tests, near quadrature: (left) 1 x 1011; (right) 1 x 1012, Bold, » =5 x 10~9; faint,
A =5 x 10719, Cutoff magnitude: (unbroken) 11.0; (dashed) 12.1.
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