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We show that the new ephemeris-space multiple-address-comparison (eMAC) method solves asteroid linking problems despite large parallaxes by applying the method to astrometric asteroid observation sets obtained nearly simultaneously with the Spitzer space telescope, the Canada-France-Hawaii Telescope (CFHT), and European Southern Observatory's Very Large Telescope (VLT). For main-belt asteroids, the parallax between Spitzer and the Earth-based telescopes is approximately one degree which is large as compared to a typical parallax for solely Earth-based telescopes in the arcseconds regime. In the eMAC method, we reduce the initially huge amount of possible linkages between observation sets by comparing samples of ephemerides that have been computed separately for all sets at, say, three common dates. If the non-zero ephemeris probability densities overlap at all common dates, we try to find an orbit solution for these so-called trial linkages. If there exists an orbit which reproduces all the astrometric observations assuming predefined observational errors, we call it a linkage. Known asteroids are independently identified among Spitzer, CFHT, and VLT astrometry, and comparing the identified observations to the linkages found shows that the method found all known correct linkages present in the data. In addition, we also found five previously unpublished linkages between Spitzer astrometry and Earth-based astrometry. Based on our simulations, we found virtually all Spitzer-related linkages between two single-night observation sets, and more than 99.4% of linkages between two single-night observation sets obtained by Earth-based observatories. Virtually all correct linkages consisting of at least three single-night sets were also detected. The results show that large-parallax discovery observations made from a spacecraft can be linked to Earth-based follow-up observations to ensure that the objects are not lost. Furthermore, we compute the heliocentric and Spitzer-centric distances as well as the corresponding solar phase angles at the dates of Spitzer observations. Based on comparisons to simulated geocentric observations, we also show that, for typical nearly-simultaneous observations, the parallax reduces the distance uncertainties by several orders of magnitude.

Introduction

Observations with European Southern Observatory's Very Large Telescope (VLT) and the Canada-France-Hawaii Telescope (CFHT) were obtained in January 2004 to provide nearly-simultaneous follow-up for the Spitzer First Look Survey Ecliptic Plane Component (FLS/EPC; see [START_REF] Meadows | The Spitzer First Look Survey-Ecliptic Plane Component: Asteroids and Zodiacal Background[END_REF] for a description and early results). The goal of the observing campaign is to estimate the albedo and size distributions of main-belt asteroids (MBAs) having sizes well below the current completeness limit, by obtaining nearlysimultaneous optical and infrared observations (Tedesco et al., in preparation). To estimate asteroid sizes and albedos using the radiometric technique, one needs to know the Sun-asteroid and telescope-asteroid distances as well as the phase angles of the asteroids at the observation dates. This paper expands upon earlier works by Granvik et al. (2005) and Granvik & Muinonen (2005, hereafter GM05) that dealt solely with the linking of the VLT observations of the observing campaign.

While the deepest near-Earth-object surveys regularly go down to ∼ 22 mag in the Johnson V band, objects fainter than 25 mag have been detected during the observing campaign. Some of the objects detected by Spitzer have been identified with previously known asteroids by the Minor Planet Center (MPC) and by [START_REF] Meadows | The Spitzer First Look Survey-Ecliptic Plane Component: Asteroids and Zodiacal Background[END_REF]. When a detection of a moving object is linked to a multi-apparition asteroid, obtaining the required distances and the phase angle for the corresponding date is reasonably straightforward. However, as many of the detected objects are previously unknown, those detections must be linked to a common object before a useful estimate for its distance can be given via an orbit solution accompanied with an uncertainty estimate. Unless linkages are found, the distance uncertainties will be very large, typically several or even tens of AUs.

There are a few circumstances that make the linking task a nontrivial one. First of all, nearly-simultaneous apparent coordinates of the same objects observed from space and from the Earth are substantially different, because of a parallax effect which, in turn, is a consequence of the comparatively large distance between the Spitzer spacecraft and the Earth-based observatories (∼ 0.07 AU at the observation dates). For the observed main-belt asteroids, the observing geometry and the distance between Spitzer and an Earth-based telescope leads to a parallax of approximately one degree which can be compared to a typical order-of-magnitude estimate of arcseconds for solely Earth-based telescopes. In the latter case, the parallax is sufficiently small to allow linkages between nearly-simultaneous astrometric observations to be found by making predictions by extrapolation in Right Ascension (R.A.) and Declination (Dec.). For large parallaxes, the extrapolation in observed coordinates is bound to fail as differences in the observation geometry lead to substantial differences in the observed R.A. and Dec.. Second, the sky-plane number density of objects grows rapidly with an increasing magnitude. Confusion in linking typically arises due to a high density of objects in a limited area. Third, the number of observations in each single-night set2 (SNS) is limited (2-4)-and, finally, because of complicated apparent motion of an asteroid around the stationary point leading, for example, to orbital-element probability-density functions (p.d.f.) with two distinct maxima. To find linkages despite the obstacles, we use a method (GM05) specifically suited to solve linking problems. Alternative methods for the short-term linking task do exist, but either they suffer from the use of non-physical trajectories lacking topocentric range estimates (cf., Milani et al. 2005a[START_REF] Kubica | Efficient intra-and inter-night linking of asteroid detections using kd-trees[END_REF])-which makes it difficult to tackle large-parallax cases-or they cannot deal with the small number of observations (cf., [START_REF] Milani | Multiple solutions for asteroid orbits: Computational procedure and applications[END_REF]. A traditional and still common method for the linking of exiguous SNSs is comparing Väisälä orbits [START_REF] Väisälä | Eine einfache Methode der Bahnbestimmung[END_REF]. But due to the assumptions, that is, perihelion time and geocentric distance, one cannot be sure to cover the entire orbital-element space of acceptable solutions, a prerequisite for finding all correct linkages. However, the data set of asteroid SNSs obtained during the observing campaign has also been independently analyzed with a Väisälä-based linking scheme by the MPC, the results of which are compared below to the ones that we have obtained.

For many of the asteroids detected by Spitzer, the distances and their uncertainty estimates can only be based on the limited amount of data obtained during the current observing campaign. However, the parallax between the Spitzer spacecraft and the Earth-based observatories helps us to constrain the distances to these previously unknown asteroids.

The paper is organized as follows. Section 2 contains descriptions of the methods and the linking-performance parameters used in the analysis. Details regarding the observations are presented in Section 3. Section 4 presents simulations that are used both to adjust the linking parameters and to estimate the correctness of our linking results lacking additional real observations. In Section 5, identifications, linkages, and distance estimates are presented and discussed. Finally, in Section 6, our conclusions are summarized.
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Inversion

Based on the number of observations and the length of the observed time interval, the inversion of astrometric observations for the orbital-element p.d.f. is performed using either the sampling methods, that is, statistical orbital ranging (Ranging; [START_REF] Virtanen | Statistical Ranging of Asteroid Orbits[END_REF], Muinonen et al. 2001) or the new Volume-of-Variation method (VoV; Muinonen et al. 2006a), or the pointestimate method of least-squares accompanied with linearized covariances (LSL; see, e.g., [START_REF] Danby | Fundamentals of Celestial Mechanics[END_REF]. Note that Ranging is applicable to astrometric observation sets with short observational time intervals (typically up to days) containing two or more observations, while VoV and LSL require more observations and, typically, longer observational time intervals. To find the correct solution faster than in basic Ranging, a stepwise approach is used (GM05) where the partial inversion problem is solved several times by including more observations step by step. In other words, the partial solutions are used as maps when searching for the fairly compact non-zero orbital-element p.d.f. in the six-dimensional orbital-element space.

In addition to the three orbital-inversion methods shortly described above, we also make use of the Nelder-Mead simplex method [START_REF] Nelder | A simplex method for function minimization[END_REF][START_REF] Press | Numerical Recipes in Fortran -The Art of Scientific Computing[END_REF]) when a rigorous uncertainty analysis and, thus, also the occasionally badly-behaving partial derivatives, are not required. Here we use the Nelder-Mead simplex method to find an acceptable orbital fit to the astrometric data in the six-dimensional orbital-element space by starting from seven approximate orbits that can typically be satisfactorily fit only to parts of the data (Granvik & Muinonen 2007). In the context of orbit computation, the simplex method has previously also been used in collisionprobability computation [START_REF] Muinonen | Collision probability for Earth-crossing asteroids using orbital ranging[END_REF]) and for solving the threedimensional two-point boundary-value problem [START_REF] Danby | Fundamentals of Celestial Mechanics[END_REF] with one or more perturbing masses (Granvik & Muinonen 2007).

Identification of known objects with accurate ephemerides

To identify known objects with ephemerides uncertainties less than approximately an arcsecond among the astrometric observations, we first propagate all objects found in the Lowell asteroid orbit database [START_REF] Bowell | A Public-Domain Asteroid Orbit Data Base[END_REF] to the observational mid-date of all Spitzer, CFHT, and VLT observations using an n-body dynamical model including all planets and Pluto. We use the Bulirsch-Stoer integrator and take into account the perihelion shift due to
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the leading solar term in the parameterized post-Newtonian treatment of the theory of general relativity [START_REF] Sitarski | Effects of general relativity in the motion of minor planets and comets[END_REF]. Then, we compute an ephemeris for each known asteroid at each date of observation using the 2-body approximation. The use of a full n-body model is unnecessary considering the lack of close approaches and relatively short time intervals. If the difference between the computed position, a point estimate of the ephemerides' p.d.f., and the observed position is smaller than a certain threshold, we perform a leastsquares inversion using all available data and the n-body model. Succeeding in the effort and obtaining residuals between the observed and computed positions (O -C residuals) compatible with the estimated uncertainty of the astrometric observations virtually proves that the identification is correct.

The threshold we use depends on the uncertainty of each individual observation and is six times larger than the assumed astrometric uncertainty. Note that the simplistic identification method does not take into account orbital uncertainties and may therefore not find all identifications. In addition to almost all of the approximately 137,000 numbered objects, we assume that some fraction of the unnumbered objects have ephemerides uncertainties at the arcsecond level and are thus probably detected by the identification method. However, there are, for example, some 50,000 designated objects that have been observed for less than 48 hours and will thus have ephemerides uncertainties far above the arcsecond level.

Linking observation sets

For linking SNSs of asteroid observations, we use the new ephemeris-space multiple-address-comparison (eMAC) method (GM05) which is based on Ranging and is suitable for linking problems requiring a physical propagation model, here particularly because of the substantial parallax. The key idea of the method is to compare ephemeris p.d.f.s at several different dates. For an acceptable trial linkage, we require an overlap at all comparison dates of the non-zero ephemeris p.d.f.s stemming from the two SNSs. Here we have used three different comparison dates. In other words, linkages are not directly sought between the observations as is done by, for example, [START_REF] Kubica | Efficient intra-and inter-night linking of asteroid detections using kd-trees[END_REF]. Instead orbital inversion is performed for all SNSs and linkages are sought between the ephemerides resulting from the orbital-element p.d.f. Thus, the eMAC linking method takes into account aspects that are treated in orbital inversion such as parallaxes, light-time corrections, and observational uncertainties. The trial linkages detected are then either accepted or discarded by computing an orbital solution based on the combined data set. We try to find an acceptable orbit by using three different methods for the orbital inversion. In order of application the methods are stepwise Ranging,
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Nelder-Mead simplex, and LSL. VoV is not used here because, at this stage, we are only interested in finding a single, acceptable orbit, not in obtaining accurate uncertainty estimates. The linkage is accepted if the O -C residuals are acceptable. In the current work, we require that all O-C residuals should be smaller than three times the assumed uncertainty for the corresponding observations. It should be stressed that, at this stage, we do not yet know whether the linkage is correct or not. We only know that an orbit exists tying the observations together, assuming predefined observational errors.

Making the assumption that the method identifies all correct linkages comprising two SNSs (2-linkages), we locate 3-linkages by finding the three 2-linkages that can be formed from the three SNSs that constitute a single 3-linkage. Similarly, a k-linkage can be found from a set of (k -1)-linkages, by requiring that the

k k -1 = k (1)
(k -1)-linkages forming the k-linkage must be present in the set of (k -1)linkages. The linkage chains can thus be detected with a stepwise chaindetection algorithm, which starts with all 2-linkages and proceeds until the step when the number of k-linkages found within a set of (k -1)-linkages is zero. For SNSs, k is usually equal to or less than the number of nights of observation.

The time complexity of the eMAC method is currently O(n 2 ), where n is the number of SNSs. The chain-detection algorithm has also currently a time complexity of O(n 2 ), where n is the number of 2-linkages found. While the CPU time requirements are acceptable for current needs, it is possible to develop O(n log n) algorithms in the future, if deemed necessary. Note that such a development would not change the results of the current work, but only allow the work to be done faster.

Assessing the performance of linking methods

The linking problem bears resemblance to signal detection theory (SDT; cf. [START_REF] Egan | Signal Detection Theory and ROC Analysis[END_REF][START_REF] Spackman | Signal detection theory: valuable tools for evaluating inductive learning[END_REF] in the sense that we are essentially dealing with a binary classifier system. On one hand, two observation sets either belong to the same object or they do not belong to the same object. On the other hand, by solving the linking problem, we can estimate whether they can be linked or not. We therefore end up with four different outcomes when solving the linking problem:

• True Positives (TP) are linkages between observation sets that belong to the same object.
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• False Positives (FP) are linkages between observation sets that do not belong to the same object.

• True Negatives (TN) are unlinked observation sets that do not belong to the same object.

• False Negatives (FN) are unlinked observation sets that belong to the same object.

Two different parameters should be used when describing the performance of a binary classifier C. In SDT, these parameters are the sensitivity

Sens(C) = T P T P + F N , ( 2 
)
and the specificity

Spec(C) = T N F P + T N . ( 3 
)
The sensitivity is a measure for how well a binary classifier correctly identifies a condition. A sensitivity of 1.0 means that a linking method finds all correct linkages. The specificity is a measure for how well a binary classifier correctly identifies negative cases. For a linking method, a specificity of 1.0 therefore means that erroneous linkages are not found, or, if found, they are not accepted.

For the linking problem, the sensitivity is given by

Sens(C) = l c L c , ( 4 
)
where l c and L c are the numbers of correct linkages found by the method and correct linkages that exist within the data, respectively. Specificity is a more problematic case. It is given by

Spec(C) = L max -(L c + l e ) L max -L c , ( 5 
)
where l e is the number of erroneous linkages found and L max is the total number of different and unordered pairs that can be generated from the input observation sets. For a single master set containing S internally correctly linked subsets, which have been identified with a single object, we have
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Eq. 1). For two different, internally correctly linked and mutually exclusive master sets A and B consisting of S A and S B subsets of observations, we obtain

L max = S A S B . ( 7 
)
Due to the S 2 and S A S B terms, specificity comes typically very close to 1.0 in solutions to practical linking problems, rendering the discriminative power of the parameter questionable. An alternative parameter to specificity would therefore be preferable. A possibility is to to use the complement of specificity

1 -Spec(C) = l e L max -L c . ( 8 
)
Another possibility is to use the positive predictive value, which is defined as

P P V (C) = l c l c + l e , ( 9 
)
and reflects the probability that a detected linkage is a correct one. A positive predictive value of 1.0 means all detected linkages are correct, while 0.0 means that all detected linkages are erroneous. Note that [START_REF] Kubica | Efficient intra-and inter-night linking of asteroid detections using kd-trees[END_REF] use the term "efficiency" for sensitivity and the term "accuracy" for the positive predictive value.

The performance of different classifiers can be rigorously compared to each other only when applied to the same data. Due to, for example, observational uncertainties, this is particularly true for linking methods as l e critically depends on the observation set. Orbits corresponding to erroneous linkages can in some cases be better fit to the data than orbits corresponding to correct linkages. A statistical representation of this was given by GM05 who plotted histograms of χ 2 values computed from the O-C residuals based on the orbit linking two data sets. Histograms corresponding to erroneous linkages overlapped with histograms containing solely correct linkages. Effectively, the result showed that for realistic linking problems the best-fitting erroneous linkage typically results in a lower χ 2 value than the worst-fitting correct linkage. In other words, if one wants to detect all correct linkages, a certain number of erroneous linkages are typically present in the results and the number of erroneous linkages is case-dependent. Therefore, if erroneous linkages are not detected, the specificity of the linking method is 1.0 while the sensitivity is typically less than 1.0. As shown by, e.g., GM05 and [START_REF] Kubica | Efficient intra-and inter-night linking of asteroid detections using kd-trees[END_REF], the number of erroneous linkages that fit the data more or less as well as correct linkages also depends on parameters such as the timespan between the observation sets, observation geometry, and the density of objects in the observed fields. While developing linking methods,
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our goal has so far not been to reduce the number of erroneous linkages, but to make sure we find the highest possible fraction of all the correct linkages present in the data, that is, to optimize the sensitivity. The development of statistical methods to reduce the number of erroneous linkages, or to increase the specificity, is left for the future.

Observations

The observations were made in January 2004 in the 0 • and 5 • fields, where the names stem from the Spitzer field centers given as ecliptic latitudes. The solar elongations ranged from ∼ 115 • for Spitzer observations to ∼ 132 • for CFHT observations. See Tables 1 and2 for observational details. Ecliptic longitudes and latitudes for the first observation of each SNSs currently available from the observing campaign are shown in Figs. 1 and2 for the 0 • and 5 • fields, respectively.

[ Insert Figs. 1 and 2 approximately here ]

For the infrared Spitzer FLS/EPC part, observations are presented by [START_REF] Meadows | The Spitzer First Look Survey-Ecliptic Plane Component: Asteroids and Zodiacal Background[END_REF] and Tedesco et al. (in preparation). Spitzer made three observations, each consisting of several stacked images, of the same fields over a time interval of 0.09 days on January 21st. Most Spitzer SNSs, thus contain three pairs of R.A. and Dec. with an approximate uncorrelated astrometric uncertainty estimate of σ R.A. = σ Dec. = 2.0 . Tables 9 and10 lists the rereduced Spitzer astrometry and the heliocentric positions of the spacecraft at the observation dates. The spacecraft drifts away from the Earth on a heliocentric Earth-like orbit at a rate of ∼ 0.1 AU yr -1 . At the time of the FLS/EPC the distance to Earth was approximately 0.07 AU, resulting in a considerable parallax with respect to Earth-based observatories. Note that the 1 • parallax is visible in Figs. 1 and 2 as a difference in the topocentric coordinates of the same asteroids that were observed nearly simultaneously by Spitzer and the Earth-based observatories.

Earth-based visual follow-up observations for the Spitzer FLS/EPC were obtained with VLT and CFHT. The VLT observations were only made for the 0 • field on January 20th, 21st, 22nd, 23rd, and 24th. The final VLT fields are mosaics of smaller patches of the sky that can be covered by the VLT instruments in a single exposure. Each field was covered twice, thus resulting in typically two observations per SNS over a time interval of some 0.08 days. A comparison between the VLT observations and ephemerides of previously known objects suggests that we were able to detect almost all known objects that resided in the VLT fields by performing a visual inspection while blinking the images. The individual uncorrelated astrometric uncertainty for each
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observation stems from the field solution and is σ R.A. = σ Dec. ∼ 0.3 .

The CFHT observations were obtained on January 22nd and 30th. The 0 • fields and the 5 • field on the 22nd were covered at three different dates with three one-square-degree images spanning some 0.1 days. The 5 • field approximately centered at (λ = 178.5 • , β = 5.6 • ) was not successfully obtained at CFHT in the January 30th data (Fig. 2). Moving objects were extracted with automated methods originally developed for TNOs moving slowly in the same direction [START_REF] Petit | A highly automated moving object detection package[END_REF]), but here modified to allow different directions. The uncorrelated astrometric uncertainty was assumed to be σ R.A. = σ Dec. = 0.5 for all observations.

Interestingly, when going from the 0 • field to the 5 • field, the sky-plane density of SNSs obtained by CFHT is reduced by ∼ 60%, while the sky-plane density of SNSs detected by Spitzer is reduced by only ∼ 10%.

Simulations

The parameters used in the linking procedure must allow the detection of virtually all correct linkages that exist within the data. Although we can never be sure to find all correct linkages due to the statistical nature of our approach, we can tune the method to reach a high sensitivity by using simulated MBA observations mimicking the real observations. Note that when linking real observations, the fraction of all available linkages that have been found is usually unknown, because L c remains unknown.

Erroneous linkages should preferably be removed by additional observations. In the present case, no additional observations have been obtained and the archived observations by other telescopes do not reach the required limiting magnitudes. Thus, we need to use simulated astrometric observations to obtain an estimate for the uncertainties of linkages found. As we know a priori which linkages the method should find, the specificity and the positive predictive value can be estimated. The parameters provide simple statistical and global measures on how trustworthy the linkages found are.

The basic concept is to generate several sets of simulated MBA observations similar to those obtained in the observing campaign and run them through the linking software. We require that the sensitivity is, say, higher than 99.9%, and achieve the high sensitivity in an iterative fashion by tuning the linking parameters until the required fraction of the correct linkages are found. The specificity and the positive predictive value can then be computed based on the linking results. We use an updated version of the ASurv software (see, e.g., GM05) to generate simulated topocentric MBA observations for the three observatories at dates similar to the real observation
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dates. Note that other asteroid populations were not used because the study focusses on MBAs. Uncorrelated asteroid orbits and absolute magnitudes are assigned randomly according to our current knowledge of their debiased distribution [START_REF] Jedicke | Observational Selection Effects in Asteroid Surveys and Estimates of Asteroid Population Sizes[END_REF]. After computing the position and a visual magnitude for a sample asteroid at an observation date, the simulated observation is accepted if its position is within the given field of view and the magnitude is below the given limiting magnitude. Because the aim of the observing campaign is to estimate the size distribution and thus the absolute magnitude distribution of the observed asteroids, the cumulative distribution function of the absolute magnitude to be used during the generation of sample asteroids is an unknown parameter. However, as we are not interested in the sizes during the linking procedure, but in the orbital distribution, we iteratively adjusted the limiting magnitudes to produce slightly higher SNS densities as compared to the observed ones (see Table 3). This is acceptable assuming that the orbital distribution of MBAs is fairly similar regardless of the size of the asteroid, that is, if the orbital elements and the absolute magnitudes of MBAs are uncorrelated. Typically, some 10% of the simulated objects detected by Spitzer are too faint or are outside of the fields of the simulated Earth-based follow-up. In other words, those Spitzer SNSs cannot be (correctly) linked to Earth-based follow-up.

By using five different seed values for the random number generator, we generated five different sets of simulated SNSs. The simulated observations mimic the distribution of the real observations which can be seen by comparing Figs. 1 (real) and 3 (simulation).

[ Insert Fig. 3 approximately here ] Each simulated SNS contained three observations equally spaced in time, and the observational time interval of the simulated SNSs was 0.05 days, 0.08 days, 0.08 days, for Spitzer, VLT, and CFHT, respectively. Note that these time intervals are shorter than the real ones to make the simulated linking task more demanding. Table 3 lists the standard deviations that were used when adding uncorrelated random Gaussian noise to each simulated astrometric observation.

By using the first set of simulated SNSs, we iteratively adjusted the orbital-inversion and linking parameters until the sensitivity Sens(eMAC) > 99.9% (Table 4). By applying the linking method with the adjusted parameters to the rest of the four sets of simulated SNSs, we were able to estimate that the sensitivity Sens(eMAC) 99.4% (Table 5). All the correct 2linkages missing corresponded to Earth-based observations, that is, for all sets of simulated SNSs we found all correct Spitzer 2-linkages. However, the positive predictive value is more than twelve times smaller for Spitzer-related 2-linkages (P P V (eMAC) ∼ 0.06) as compared to the set with 2-linkages be-

A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
tween SNSs from Earth-based observatories (P P V (eMAC) ∼ 0.75). The large parallax thus allows approximately twelve times more erroneous 2linkages as compared to a set of SNSs obtained solely with Earth-based telescopes. As expected, the specificity is not a good way of measuring the ability of a linking method to discard erroneous linkages, while the positive predictive value serves the purpose well.

A notable feature of the orbital inversion of the SNSs is that we did not use any regularization. Typically, the regularization does not affect the extent of the p.d.f., but only the relative weights of the sample orbits. Since the weights themselves are not used during the linking procedure, we considered their mathematically exact computation unnecessary.

As we are trying to find virtually all correct 2-linkages between the SNSs, a simulated asteroid that has been detected at all dates and with all (virtual) telescopes would result in eight SNSs and 8•(8-1) 2 = 28 correct 2-linkages between the SNSs. Now, if there is a problem with a single one of these SNSs, we would lack up to seven correct 2-linkages, a scenario which could explain and actually does partly explain the non-detection of ∼ 0.5% of all the correct 2-linkages in the simulations. At a closer inspection, we actually found out that all the missing 2-linkages had a common reason: based on the problematic SNSs one can hardly say whether the object is moving or not. The situation is typical for observations around a stationary point-where the apparent motion of an object changes direction (for a mathematical definition of the stationary point, see, e.g., [START_REF] Green | Spherical Astronomy[END_REF]-and often leads to an orbitalelement p.d.f. with two maxima. Since the direction of motion is not welldefined, the ephemerides are spread out symmetrically in two directions. At least in one of the problematic cases, the substantially less densely populated ephemeris cloud was the "correct" one, which made finding correct linkages impossible due to too sparse sampling in ephemeris space. However, once two different maxima have been detected in the orbital-element p.d.f., linking problems can be overcome by sampling separately and, more or less, equally densely in both regions.

Results and discussion

Identifications with previously known objects

By comparing each Spitzer, CFHT and VLT observation to the 356,585 orbits found in the astorb.dat file dated November 6, 2006, we found that 999 of the 2395 observations can be identified with 157 different asteroids. Of the 157 identified asteroids, 90 were identified with more than two SNSs
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from the observing campaign, and can therefore be used when measuring the sensitivity of the eMAC method, while 67 were identified with only one SNS. Most of the 20 Spitzer asteroid identifications found (Table 7) are in agreement with the preliminary identifications by [START_REF] Meadows | The Spitzer First Look Survey-Ecliptic Plane Component: Asteroids and Zodiacal Background[END_REF]. Despite assuming a rather pessimistic astrometric uncertainty of σ = 2 for the Spitzer observations, we were, however, not able to identify any Spitzer SNSs with asteroids 2004 EX 28 , 2004 BX 159 , 2004 BV 159 , and 2002 TM 104 by assuming a threshold of 12 in contrast to the identifications suggested by [START_REF] Meadows | The Spitzer First Look Survey-Ecliptic Plane Component: Asteroids and Zodiacal Background[END_REF]. On one hand, the first three objects have short observational time intervals ranging from days to tens of days, and may have been excluded due to our criteria. On the other hand, the observations have been carried out around the time of the Spitzer observations and the corresponding links should have been detected. The last one has only a 2-day observational time interval making identifications over one apparition, that is, from October 2002 to January 2004, highly uncertain.

We were unable to link Spitzer objects 0j and 0m with the asteroids ( 27168) and ( 79364), respectively, as reported by [START_REF] Meadows | The Spitzer First Look Survey-Ecliptic Plane Component: Asteroids and Zodiacal Background[END_REF]. The O -C residuals for the Spitzer source 0m with respect to the asteroid (79364) are fairly large, at least assuming a standard deviation of 2 for the uncertainty. There are, however, no clear trends in the O -C residuals: (0.2 , -1.0 ), (-10.5 , 1.0 ), (-10.6 , 1.8 ), and the identification could thus be correct. The Spitzer source 0p has large O -C residuals with respect to the asteroid (7987): (-0.9 , -0.4 ), (-6.8 , 1.6 ). But due to only two observations, we cannot say anything about the trends in the motion, and it could as well be a correct identification. As is customary, the O -C residuals above refer to an orbit solution with the corresponding Spitzer observations included. Based on the rms values of the residuals corresponding to identified observations, we verified that the observational uncertainties assumed for Spitzer, CFHT and VLT were realistic (Fig. 4).

[ Insert Fig. 4 approximately here ]

Linkages between observation sets

Altogether 1,166 and 120 2-linkages between all the SNSs from Spitzer, CFHT, and VLT were found in the 0 • and 5 • fields, respectively. From these 2-linkages, longer linkage chains were formed by using the methodology presented in Section 2.3. To make sure that we do not miss any long linkage chains, we only used the requirement regarding the number of (k -1)linkages to be found (Eq. 1) when searching for 3-linkages. We thus assumed that for each (k ≥ 4)-linkage we can find at least two (k -1)-linkages. The longest linkage chain found contained seven SNSs.
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A comparison between the (k ≥ 2)-linkages found and the identifications found, shows that the eMAC method found all 90 correct (k ≥ 2)-linkages. The 7-linkage is one of these previously known objects. The real sensitivity of the eMAC method is thus virtually 1.0, which was expected based on the simulations. We found an additional SNS to be linked to 2004 BS 160 that was missed by the Väisälä-based linking methods. Note that 2004 BS 160 has only been observed within the current observing campaign, and the observational data is hence very limited underscoring the sensitivity of the eMAC method. In addition, we found several previously unknown linkages, five of which contain Spitzer observations and seem fairly reliable considering the O -C residuals and the orbital elements (Table 6). Note that two of the linkages are mutually exclusive, which reduces the (maximum) number of new asteroids to four. According to the maximum-likelihood solution of the osculating-elements distribution weighed with the distribution of known objects, 0e 2 could belong to the Vesta family, 5f to the Nysa family, and 5k to the Themis family. A verification of the family memberships requires more astrometric observations as well as the computation of proper elements and an investigation of the objects' compositions. The orbital solutions for the two remaining linkages are MBA-like, but cannot immediately be linked to any known families. In all, the Väisälä-based linking methods found two linkages that possibly correspond to the previously unknown asteroids 2004 BS 160 and 2004 BH 160 , while the eMAC method also found four additional linkages that possibly correspond to previously unknown asteroids.

Among 4-linkages including Spitzer SNSs, we found two cases that are mutually exclusive and probably both wrong because the corresponding Spitzer SNS (0l) was independently identified as asteroid (99307) by MPC, by [START_REF] Meadows | The Spitzer First Look Survey-Ecliptic Plane Component: Asteroids and Zodiacal Background[END_REF], and by us. Both erroneus linkages contain nine observations over roughly two days with Earth-based and space-based observations done near simultaneously. The O -C residual p.d.f.s do not show any clear trends, but systematic offsets are apparent, thus suggesting that the observations stem from several different asteroids and a chance alignment allows them to be linked. Note that this is compatible with the low positive predictive value obtained for Spitzer-related linkages in the simulations.

Distances and solar phase angles

As of November 6th, 2006, 24 of the 34 Spitzer SNSs have been either identified as previously discovered asteroids or linked to the Earth-based followup observations. Table 7 lists the resulting heliocentric and Spitzer-centric distances, as well as the corresponding phase angles at dates of Spitzer observations. For the identifications, an uncorrelated astrometric uncertainty
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of σ R.A. = σ Dec. = 0.7 was assumed for the observations obtained outside the current observing campaign. The fixed uncertainty is roughly equal to the estimated uncertainty [START_REF] Carpino | Error statistics of asteroid optical astrometric observations[END_REF] of Lincoln Near Earth Asteroid Research (LINEAR) project, the largest provider of astrometric data for asteroids. By October 2004, almost 50% of all astrometric data of asteroids collected over the years had been obtained by LINEAR. The error bars correspond to 99.73% of the probability mass, which is equivalent to the 3-σ limits for a Gaussian distribution. Orbital inversion was performed with LSL for the previously known objects, and, depending on the observational data, with Ranging or VoV for all linkages and the designated asteroids 2004 BH 160 and 2004 BS 160 that were discovered and have been subsequently observed only during the current observing campaign. In Ranging and VoV, quantities stemming from the relative weights of the orbits that sample the orbital-element p.d.f. are used when estimating the uncertainties for the distances and the solar phase angle.

Ten Spitzer SNSs, that is, 0c, 0h, 0j, 5b, 5c, 5d, 5g, 5i, 5j, and 5l, remain unlinked and unidentified if we require that there are no clear trends in the O -C residuals. We can extract MBA-type sample orbits with 2.1 AU ≤ a ≤ 3.5 AU, 0 < e ≤ 0.35, 0 • ≤ i ≤ 35 • , and 1.666 . . . AU < q ≤ 4.95 AU, where a is the semimajor axis, e is the eccentricity, i is the inclination, and q is the perihelion distance, from the orbital-element p.d.f.s of Spitzer SNSs lacking plausible linkages and compute the resulting ephemerides at the dates of the Earth-based follow-up observations. For example, in the 0 • field on January 22nd, 0h might have resided in the VLT field and should have been in the CFHT field (Fig. 5).

[ Insert Fig. 5 approximately here ] In the 5 • field on January 22nd, all Spitzer objects that could not be linked to Earth-based follow-up reside in the CFHT field (Fig. 6).

[ Insert Fig. 6 approximately here ] The total extent of the orbital-element p.d.f. stemming from unlinked and unidentified Spitzer SNSs is a lot larger, because the short observational time interval and limited amount of observations allow for a wide variety of different acceptable orbits. Hence it should be stressed that the arguments above are valid only for the assumption that the Spitzer objects are MBAs. If we would be interested in, for example, transneptunian objects (TNOs), we could proceed in a similar fashion but select TNO-like sample orbits to find out whether there are possibilities to find follow-up observations for TNOs [START_REF] Granvik | Transneptunian Object Ephemeris Service (TNOEPH)[END_REF]. Thus, the explanations for the hypothetical MBA observations apparently missing from the Earth-based follow-up are:

• they were outside of the fields covered by the follow-up,
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• they were in the fields covered by the follow-up, but fell in CCD gaps in the mosaic array, were located in a dead CCD in the CFHT array, or appeared in front of a bright star,

• they were lost in the moving-object extraction process due to too complicated, too fast, or too slow motion (cf. problematic cases in the simulations in Sect. 4),

• they were too faint to be detected by the follow-up (cf. sky-plane densities of SNSs from different telescopes, particularly in the 5 • field).

The last explanation is strenghtened by preliminary asteroid size estimates from the Spitzer data (Tedesco et al. 2007, in preparation). Even when using only the highest-quality data, that is, Spitzer sources linked to known asteroids, 53% of the 0 • field asteroids have diameters less than 3 km compared with 83% of the 5 • field asteroids. This is significant, since most of the unlinked Spitzer sources are from the 5 • field. The mean diameter and mean albedo for the five identified 5 • asteroids is 1.7 km and 0.24, respectively, resulting in a mean V = 21. Thus, those unlinked likely have V > 21 at the time of the CFHT and VLT observations, and likely much greater since, e.g., a one-kilometer asteroid with geometric albedo p V = 0.05 results in V ∼ 23.5. Thus, it is not surprising that 10% to 30% of the Spitzer objects remain unlinked.

If the constraint regarding trends in the O -C residuals is removed, we can find at least one linkage to all but four Spitzer SNSs, that is, 0c, 0h, 0j, and 5l. One could imagine that trends might erroneously arise due to exiguous data and comparatively large uncertainties, but since the behaviour of O -C residuals stemming from scanty data has not been studied in depth, we assume that only those linkages which do not show any trends may be correct.

The importance of the parallax for reducing the distance and phase-angle uncertainties can be seen in Fig. 7.

[ Insert Fig. 7 approximately here ] The distance uncertainties, the solar phase-angle uncertainties, and the observational angular arc-the angular difference between the observed coordinates of the first and the last observation-resulting from the real observations are given relative to the results obtained for simulated geocentric observations at the same dates as the real observations. Thus, the observational angular arc for the simulated observations only reflects the motions of the asteroid and the Earth, whereas the angular arc stemming from the real observations also depend on the different locations of the telescopes at a given instant, that is, the parallax. By fitting power-law functions to the
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data in the least-squares sense, the following proportionalities are obtained:

σ r,real σ r,geoc ∝ Δα real Δα geoc -1.7 , σ Δ,real σ Δ,geoc ∝ Δα real Δα geoc -1.7 , σ PA,real σ PA,geoc ∝ Δα real Δα geoc -1.5
, where σ is the length of the interval corresponding to 99.73% of the total probability mass, Δα is the observational angular arc, r is the heliocentric distance, Δ is the topocentric distance, PA is the solar phase angle, real denotes real observations, and geoc denotes simulated geocentric observations. Note that the ratio between the angular arcs depends on the observational time arc. The longer the time arc, the smaller the normalized angular arc. Hence, the relative reduction of the uncertainty is larger for objects having short observational time intervals than for objects having long observational time intervals (cf. Table 8). In the current case, only observational time intervals shorter than approximately two days lead to more than hundredfold reductions in the uncertainties as compared to a single geocentric observer.

Even though the 1 • angular difference between Earth-based telescopes and the Spitzer spacecraft, as seen from an MBA, may seem small, the differences in the motion and relative locations of the observed MBAs is nevertheless striking when comparing the different viewing geometries. Fig. 8 shows simulated positions of nine identified Spitzer objects with well-established orbits at approximate real observation dates as seen by Spitzer and by a geocentric observer.

[ Insert Fig. 8 approximately here ] The plot underscores the requirement that successful linking of large-parallax astrometry should be based on solid orbit computation methods that take into account aspects such as parallaxes, light-time corrections, and observational uncertainties. Notice that the apparent motion of most of the asteroids changes direction-the definition of the two stationary points-at different dates depending on the viewing direction.

Conclusions

As of November 6th, 2006, 20 of the 34 Spitzer FLS/EPC asteroid SNSs have been identified as objects previously known, or later accepted by the MPC. Of the remaining 14 SNSs, four can fairly reliably be linked with at least one SNS of follow-up observations, whereas ten SNSss (0c, 0h, 0j, 5b, 5c, 5d, 5g, 5i, 5j, and 5l) remain unidentified and unlinked. By relaxing the requirements regarding trends in the motion-a questionable requirement due to exiguous data which can easily lead to suspicious chance alignmentslinkages or identifications can, nevertheless, be found to all but four Spitzer
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SNSs (0c, 0h, 0j, and 5l). The results suggest that linkage chains containing at least five SNSs are required to produce unambiguous linkage configurations when linking large-parallax observations far from the direction of opposition.

Based on the simulations, we can, on one hand, be confident that virtually all, if not all, correct Spitzer linkages have been found. We have thus shown that the eMAC method is a viable and sensitive tool for solving largeparallax linking problems between exiguous SNSs of asteroid observations. On the other hand, the same simulations show that approximately 94% of the accepted Spitzer-related 2-linkages are erroneous. In the future, we therefore need to study the possibility to apply some statistical criterion to discard linkages showing, for example, trends in the O -C residuals. For the eMAC method, we also need to improve the automated detection and treatment of the double maxima in the orbital-element p.d.f.. Clearly, the automated Ranging can already detect at least some of the double-maximum cases.

A future addition to our collection of linking methods is a statistical method that can link single observations to multiple-night observation sets, that is, perform the identification task by including orbital uncertainties.

Here we have just used a naïve point-estimate method (Section 2.2) which may not have identified all known objects in the observational data, particularly those with short observational time intervals.

As compared to solely geocentric observations, the inclusion of parallax information reduces the distance uncertainty for the asteroids nearly simultaneously observed in the observing campaign by up to three orders of magnitude. The results are therefore particularly relevant for ESA's astrometric cornerstone mission Gaia to be launched in late 2011 according to the current plans. Gaia will operate in the vicinity of the second Lagrange point located approximately 1.5×10 6 km from the Earth in the antisolar direction. As compared to ground-based observations, a substantial parallax will be present in the observations of many solar-system objects [START_REF] Mignard | The Gaia mission: Expected applications to asteroid science[END_REF]). An interesting question needing further study is whether the Gaia mission would benefit from additional Earth-based observations within, say, ±24 hours of the detection by Gaia. The inclusion of parallax information might substantially reduce the orbital-element uncertainty of newly-discovered solar-system objects. Note that follow-up observations cannot be obtained continuously as Gaia will regularly scan regions eluding Earth-based observations such as solar elongations less than 55 • . But the fact that Gaia will have a limiting magnitude of V ≈ 20 mag would make even partial Earth-based follow-up attractive since fairly small telescopes would suffice. Table 5: Linking results for the simulated 0 • field data. Sim is the label for a realization of simulated data, and SNS is the number of SNSs in a realization. Spitzer related are linkages between SNSs one of which is a Spitzer SNSs, while Not Spitzer related relates to linkages between Earth-based observations. C2L is the number of correct 2-linkages to be detected, 2LD is the total number of 2-linkages actually detected, that is, including both correct and erroneous links, and C2LD is the number of correct 2-linkages actually detected. Sens is the sensitivity for correct linkages, 1 -Spec is the complement of specificity, and PPV is the positive predictive value.
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Orbital elements for new linkages Spitzer

a e i Ω ω M SNS [ AU] [ • ] [ • ] [ • ] [ • ] 0e 1
2.8 (2.4-480.6) 0.05 (0.01-0.999) 4.2 (4.0-5.9) 88.8 267.5 166.3 0e 2 2.4 (2.3-490.5) 0.12 (0.05-0.999) 6.7 (5.0-14.2) 12.3 241.9 279.9 5e 2.4 (2.3-490.7) 0.15 (0.0004-0.999) 4.2 (4.2-6.6) 71.0 241.7 219.0 5f 2.4 (1.6-411.7) 0.24 (0.10-0.9997) 0.2 (0.1-1.0) 353.5 82.0 55.2 5k 3.1 (2.6-489.5) 0.15 (0.11-0.999) 0.9 (0.5-1.9) 160.9 0.5 0.6

Table 6: Maximum-likelihood orbits for five reasonable linkages containing Spitzer SNSs at the epoch 2004 Jan 26.0 (TT). The orbits are parameterized with Keplerian elements, where a is the semimajor axis, e is the eccentricity, i is the inclination, Ω is the longitude of the ascending node, ω is the argument of perihelion, and M is the mean anomaly. The orbital solutions were obtained with Ranging by using the two-body approximation, 10,000 sample orbits, Δχ 2 = 50 between the best and the worst fit sample orbit corresponding to a probability mass of 1 -4.7 × 10 -9 , an upper limit of 500 AU for the semimajor axis, and an upper limit of 1.0 for the eccentricity. The resulting orbital-element p.d.f.s were multiplied with an apriori distribution derived from the astorb.dat file dated April 10, 2007. For a, e, and i the ranges of possible values are given in the parentheses. Note that the two linkages containing Spitzer SNS 0e are mutually exclusive. In the simulations, all other parameters but the observer location are held constant. In the orbital inversion, the same noise that was assumed for the real observations is also assumed for the simulated observations, but no random errors were added to the simulated observations, that is, the simulated positions are the nominal ones stemming from the least-squares orbit computed for all available data.
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Figure 1 .

 1 Figure1. Ecliptic longitudes and latitudes for the first observation of each SNSs in the 0 • field SNSs. In the legend (top left) a single symbol refer to SNSs obtained in January 2004. The designation letters for Spitzer SNSs are shown in the lower left next to the SNSs. Notice the substantial difference between the apparent coordinates of Spitzer SNSs as compared to coordinates of CFHT and VLT SNSs. The observation geometry was planned in advance to allow the same MBAs to be detected from all three locations despite the parallax.

Figure 2 .

 2 Figure 2. As in Fig. 1, but for the 5 • field.

Figure 3 .

 3 Figure 3. An example of ecliptic longitudes and latitudes of a simulated 0 • field set of SNSs (realization #4). As in Figs. 1 and 2, the coordinates refer to the first observation in each SNS. Black dots refer to SNSs that can be linked to the simulated Spitzer observations including the simulated Spitzer SNSs themselves.

Figure 4 .

 4 Figure 4. O -C residuals of observations that can be identified with known objects. The ephemerides are computed based on the orbits found in the astorb.dat file dated November 6, 2006. The rms values are ∼ 1.8 for the Spitzer observations, ∼ 0.52 for the CFHT observations, and ∼ 0.27 for the VLT observations. Three identified Spitzer observations result in O -C residuals larger than 10 and were not taken into account.

Figure 5 .

 5 Figure5. A comparison between geocentric ephemerides for unidentified and unlinked Spitzer objects and the follow-up observations on January 22nd for the 0 • field. The ephemerides are based on a subset of the orbits that are used to sample the orbital-element p.d.f. with the assumption that Spitzer detected MBAs.

Figure 6 .

 6 Figure 6. Same as Fig. 5 but with CFHT-centric ephemerides for the 5 • field.

Figure 7 .

 7 Figure 7. The normalized heliocentric and Spitzer-centric distance uncertainties (left and center, respectively) and the solar phase-angle uncertainties
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Table 1 :

 1 Observational details for the 0 • field. Day is the approximate observation date, Telesc. is the telescope used, Field is the field size without overlap, N SNS is the number of SNSs, N SNS deg -2 is the sky-plane density of SNSs, σ obs is the assumed and later verified astrometric uncertainty, and Sol. elongation is the solar elongation interval.

	R I P T

Table 2 :

 2 Same as Table 1, but for the 5 • field.

		Simulation details for the 0 • field
	Virtual telescope [deg 2 ] Field	NSNS d	NSNS deg 2 d	σ obs Sol. elongation [ ] [ • ]
	Spitzer	0.19	29.0 152.6 2.0 115.30-115.54
	VLT	0.96 137.5 143.2 0.4 119.66-125.40
	CFHT	3.90 358.3 91.9 0.4 121.30-132.11

Table 3 :

 3 Simulation details for the 0 • field. Virtual telescope is the "virtual" telescope used, Field is the field size without overlap, NSNS d -1 is the number of SNSs averaged over observation nights and the five different realizations, NSNS deg -2 d -1 is the sky-plane density of detected SNSs averaged over observation nights and five different realizations, σ obs is the standard deviation of the Gaussian noise added to the astrometry, and Sol. elongation is the solar elongation interval.
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	Linking parameters Step 1: Phase-space address comparison Number of sample orbits RA lower boundary RA upper boundary RA bin size Dec lower boundary Dec upper boundary Dec bin size 1st comparison date t 1 A N U S C R I P T 5,000 0 • 360 • 1 20 • -90 • +90 • 1 20 • 2004 01 24.0 2nd comparison date t 2 2004 01 26.0 3rd comparison date t 3 2004 01 28.0 M Step 2a: Stepwise Ranging
	Maximum number of sample orbits Maximum number of trial orbits Step 2b: Simplex optimization 100 (at least two required) 2 × 10 4 × N obs Maximum number of function evaluations 1,000 Termination criterion (χ 2 max ) 2 × N obs × 2 Step 2c: Least squares A C C E P T E D Maximum number of iterations 200

Table 4 :

 4 Parameters used for the linking method. N obs is the number of observations in an SNS, and χ 2 max is the maximum χ 2 allowed for linkages.

Table 7 :

 7 Distances and phase angles at the Spitzer observation dates for all identifications and selected linkages containing Spitzer sources. Temp. des. is the temporary desigation for a moving object detected by Spitzer. Different subscripts refer to mutually exclusive linkages. Each object was observed two or three times at different dates by Spitzer, and each line refers to one of these observations. Date gives the observation date as a fractional part of the 2004 January 21st (UTC) when the Spitzer observations were made. Identified with/linked to gives either the number or the designation of a previously known object, or the telescope and dates of possible Earth-based follow-up observations in case the Spitzer object was not identified with a known object. Δt gives the length of the observational time arc. Distance gives the distances from the asteroid to the Spitzer spacecraft and the Sun, respectively, and Solar phase angle gives the phase angle with respect to Spitzer. The nominal value of the three last columns corresponds to the least-

	squares solution (LSL) or the maximum of a 50-column histogram
	of the marginal distribution (Ranging and VoV), while the error
	bars correspond to 99.73% of the total probability mass computed
	from the covariance matrix (LSL) or the histogram (Ranging and
	VoV). The identifications marked with an asterisk have at least one
	Spitzer O -C residual larger than 6 . Note that 0a and 0i have
	only been observed within the current observing campaign. Note
	also that, for 0i, we found an additional linkage which was missed
	by the Väisälä-based routines.

Table 8 :

 8 A comparison between the distance and phase-angle uncertainties obtained with substantial parallax information (real observations; temporary Spitzer designation, VLT, CFHT), and the uncertainties obtained without substantial parallax information (simulated geocentric observations; GEOC). Number/Designation refers to the observed object. Date gives the observation date as a fractional part of the 2004 January 21st (UTC) when the Spitzer observations were made, while the "SNSs" column gives the temporary Spitzer designation as well as telescopes and approximate observation dates in January 2004 of other SNSs. N obs is the number of observations, Δt is the observational time interval, and Δα is the observational angular arc. The nominal values of the Spitzercentric distance, the heliocentric distance, and the solar phase angle corresponds to the maximum of a 50-column histogram of the marginal distribution, while the error bars correspond to 99.73% of the total probability mass computed from the same histogram.

Table 9 :

 9 Topocentric astrometry of moving objects in the Spitzer 0 • field. Temp. des. is the temporary designation, and Date is the fractional day on 2004 January 21 given in UTC. R.A. and Dec. are the observed astrometric coordinates given in the equatorial J2000 reference frame. Spitzer's heliocentric ecliptic position is the position of the Spitzer spacecraft at the observation date.
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	0m	21989 12 02 38.97 -00 45 47.5 -0.44377602 0.89332916 0.00702460
	0n	13056 12 03 41.93 -00 10 52.3 -0.44239454 0.89402340 0.00705335
	0n	17983 12 03 42.79 -00 11 04.9 -0.44315662 0.89364075 0.00703749
	0n	22460 12 03 43.51 -00 11 15.7 -0.44384883 0.89329249 0.00702309
	0o 0o 0o 0p 0p 0q 0q 0q 0r 0r 0r	12975 12 03 09.24 -00 31 25.3 -0.44238200 0.89402968 0.00705361 17465 12 03 10.01 -00 31 28.9 -0.44307652 0.89368101 0.00703916 21941 12 03 10.75 -00 31 34.0 -0.44376860 0.89333289 0.00702476 15372 12 02 30.40 -00 47 57.2 -0.44275281 0.89384361 0.00704589 19804 12 02 30.23 -00 47 53.8 -0.44343821 0.89349916 0.00703163 15043 12 02 59.16 -00 46 19.2 -0.44270192 0.89386916 0.00704695 19452 12 02 59.86 -00 46 20.6 -0.44338378 0.89352654 0.00703277 23955 12 03 00.62 -00 46 21.7 -0.44407992 0.89317608 0.00701827 13048 12 04 02.06 -00 02 28.0 -0.44239330 0.89402402 0.00705337 17538 12 04 02.62 -00 02 26.5 -0.44308781 0.89367534 0.00703893 A N U S C R I P T 22015 12 04 03.14 -00 02 24.0 -0.44378004 0.89332713 0.00702452
		M
	Temp. des. 5a 5a 5a 5b 5b 5b 5c 5c C C E P T E D Date R.A. 040121. h m s • 24488 12 10 25.70 03 51 08.6 -0.44416230 0.89313456 0.00701656 Dec. Spitzer's heliocentric ecliptic position ' " X [AU] Y [AU] Z [AU] 28970 12 10 26.11 03 51 05.0 -0.44485490 0.89278514 0.00700213 33446 12 10 26.54 03 51 01.4 -0.44554630 0.89243565 0.00698771 28198 12 10 56.54 03 56 47.4 -0.44473562 0.89284536 0.00700461 32680 12 10 57.50 03 56 51.4 -0.44542799 0.89249550 0.00699018 37156 12 10 58.42 03 56 53.9 -0.44611918 0.89214556 0.00697576 28581 12 10 54.70 03 49 22.1 -0.44479480 0.89281549 0.00700338 33064 12 10 55.78 03 49 26.8 -0.44548730 0.89246550 0.00698894 5c 37486 12 10 56.78 03 49 31.1 -0.44617012 0.89211974 0.00697470
	5d	26431 12 11 04.32 04 04 54.1 -0.44446258 0.89298315 0.00701030
	5d	30914 12 11 05.02 04 04 58.4 -0.44515522 0.89263342 0.00699587
	5d	35391 12 11 05.69 04 05 02.0 -0.44584666 0.89228362 0.00698145
	5e	25324 12 11 05.33 04 06 51.1 -0.44429151 0.89306943 0.00701387
	5e	30999 12 11 06.00 04 06 53.6 -0.44516835 0.89262678 0.00699559

A single-night set is a set of sequential astrometric observations forming a detection of a moving object during one night. Typically observations from a single telescope only.
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(right) as functions of the normalized observational angular arc. The distance uncertainties, the solar phase-angle uncertainties, and the observational angular arc resulting from the real observations, σ r,real , σ Δ,real , σ PA,real , and Δα real , respectively, are given relative to the results obtained for simulated geocentric observations at the same dates as the real observations, σ r,geoc , σ Δ,geoc , σ PA,geoc , and Δα geoc , respectively. The lines corresponds to the leastsquares-fitted power-law functions y ∝ x b , where b is -1.7 for the distance uncertainties, and -1.5 for the phase-angle uncertainty. ),and 30.589 (CFTH). The 1 • angular separation between the Spitzer spacecraft and Earth-bound observatories as seen from the MBAs lead to strikingly different motions and relative locations depending on the observer location. Note that the lines do not correspond to the precise paths of the objects, but merely connects simulated positions of the same object to help guide the eye.