[T992A&A - 17801 1 47RD

Astron. Astrophys. 289, L47-L50(1994)

Letter to the Editor

ASTRONOMY
AND
ASTROPHYSICS

Asteroids as reference stars for high resolution astronomy

E.N. Ribak!" and F. Rigaut?

1 Observatoire de Paris-Meudon, F-92195 Meudon Principal Cedex, France

E-mail: eribak@vmsa.technion.ac.il

2 Canada-France-Hawaii Telescope, P.O. Box 1597, Kamuela HI 96743, USA

E-mail: rigaut@cfht.hawaii.edu

Received 26 June 1994 / Accepted 19 July 1994

Abstract. Adaptive optics and speckle imaging can re-
solve faint objects with the aid of a reference source to
measure atmospheric turbulence. Natural bright stars and
artificial laser guide stars were proposed for this method.
However, the former are not sufficient in number, and
the latter are very complex and expensive. Asteroids and
other solar system objects extend the number of reference
sources and their coverage of the sky. Using partial cor-
rection with adaptive optics, asteroids allow resolution of
compact sources up to my =25 and mg=21. In the same
manner, stars can serve as references for measuring solar
system objects in near-occultation.
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1. Reference guide stars

One of the severe problems in adaptive optics is the dif-
ficulty to measure the aberrated wave front to a high ac-
curacy, where this measurement is used to adjust the cor-
recting deformable mirror. Most interesting astronomical
objects do not emit enough photons for the wave front
sensor to operate to its full power. The problem can be al-
leviated by using a bright star in the immediate vicinity of
the astronomical object of interest (hereafter referred to as
the target). The sampled wave front of the reference star is
very similar to that of the target, the similarity dropping
with distance between the two (Fried 1982, Chassat et al.
1989). Unfortunately the number of such stars and thus
the sky coverage is rather small (Rigaut & Gendron 1992).
Another solution is to shine a laser guide star in the same
direction as the target, with more photons now available
(Fugate et al. 1991, Foy & Labeyrie 1985). However, the
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Fig. 1. Paths of the first listed asteroids (1)Ceres to (16)Psy-
che over 40 years. Notice the coverage relative to the southern
galactic pole (marked at lower left), galactic center (hidden,
lower right), and the milky way (outlined).

laser beacon is a result of resonant backscattering from
the mesospheric sodium layer at 90 km and its returned
light cannot sample the same atmospheric path as a natu-
ral guide star at infinity. The method of speckle imaging,
where the correction is applied after the measurement, is
also in dire need for such a reference source.

It is proposed here to use objects from the solar system
as reference sources (see Léna 1993, Léna 1994). While the
larger planets might not be as useful, the other objects, es-
sentially asteroids and outer planets, turn out to be of the
right qualities for this purpose: (1) they are bright enough,
(2) they are numerous, (3) they cover a large area of the
sky as they move in their orbits, (4) they move at a rate
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Table 1. Number of asteroids N(V) in the magnitude range [V(1,0) — 1, V(1,0)] and cumulative number of asteroids C(V))
up to magnitude V(1,0) (Compiled from Binzel et al. (1989)).

V(I,0) ¢ 5 6 7 8 9 10 11 12

13 14 15 16 17 18 19

N(V) 2 1 11 27 100 235 362 584 764
C(V) 2 3 14 41 141 376 738 1292 2056

719
2775

561 66 17 10 5 1
3216 3282 3299 3309 3314 3315

which allows many minutes of observation (or scanning
across a wide target), (5) they are far enough to sample
the higher elevations of the atmosphere, and (6) they do
not require any special modification to the telescope. The
drawbacks are (I) that they do not reach the ecliptic po-
lar area, (II) their orbits are not fully predictable, and
(IIT) unlike laser guide stars, they do not allow extension
to wide field-of-view for adaptive optics (Baharav et al.
1994).

The brighter planets have to be ruled out for two main
reasons: they scatter too much light in their vicinity, and
they have large angular diameters which make the wave
front sensor less efficient. Uranus and Neptune are the only
planets which could be used for this purpose. From here
on we shall refer only to asteroids, keeping in mind these
other planets, as well as moons of the brighter planets.

2. Asteroid magnitudes and spatial distribution

For our purpose, we consider a low order adaptive optics
system (twenty corrected modes) dedicated to red and
near infrared observation on a 4 m class telescope. The
current experimental limit on the magnitude of a guide
star is approximately 12.5™ (Roddier 1994), and the qual-
ity of correction drops with magnitude. Table 1 provides a
histogram of magnitudes at opposition. V(1,0) is the mag-
nitude of the asteroid at opposition for Sun-asteroid and
Earth-asteroid (hypothetical) distances of 1 AU. When
translated to average my in the [—30°, 30°] bracket about
opposition, these asteroids are fainter by 4.3™; in the nar-
rower [—15°,15°] bracket they are 3.8™ fainter. Thus we
are able to use today between 200 and 290 asteroids cor-
respondingly.

The orbits of the asteroids are scattered about the
ecliptic. Hence regions near the galactic poles, some 30°
away, are covered, as well as large parts of the Milky Way
and the Galactic center (Fig. 1). The scatter of inclina-
tions 7 about the ecliptic is large enough: while the average
inclination is (7) = 9.5°, there are asteroids with inclina-
tions four times as much. Projected into orbits on our sky,
they cover a wider range of ecliptic latitudes, albeit at de-
creasing density towards the ecliptic poles. It is expected
that the distribution will grow more even as a result of an
on-going search for asteroids in collision orbits with earth
(Cunningham 1988, Liége 1992).

In order to estimate the actual density of asteroids, let
us assume simply that all asteroid orbits are circular, and
their radii are the same: a = 2.7 AU. Hence their period

is T'= 4.44 yr. If we take a sphere of radius a about the
sun, then all asteroids draw great circles on this sphere,
whose angles with the ecliptic plane are their inclinations
t. As an asteroid moves in its orbit, its ecliptic latitude 6
on this sphere changes with time as

sin @ = sin(27t/T)sinz , (1)

where ¢ = 0 corresponds to the ecliptic crossing. Taking
differentials we get

dt cos 6d6

T 97y/sin%i—sin%0

L 0<||<i<n/2. (2)

>

Fig. 2. Assuming the average asteroid has a circular orbit of
radius a, we can draw all orbits as great circles on a sphere of
the same radius centered on the sun. We average over all orbit
inclinations to the ecliptic and over all solar longitudes ¢ to get
the average distribution as a function of solar latitude #. This
distribution is translated to earth ecliptic coordinates, shifted
by 1AU along the y-axis. Finally we average over longitude X in
a bracket [-30°,4+30°] about opposition to achieve the asteroid
distribution as a function of earth ecliptic latitude S.

This is the fraction of time an asteroid spends in the lati-
tude band df centered on 8. Hence it is equal to the frac-
tion of the number of asteroids of inclination ¢ in this band
(van Houten et al. 1970).

How many asteroids are there with an ecliptic incli-
nation ¢ 7 A normalized distribution function v(¢) can be
approximated from a histogram of the inclinations of all
asteroids (Binzel et al. 1989). This histogram was found to
resemble a Rayleigh distribution, and the best fit was to
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v(i) = piexp(—gqi), with p = 130.2+ 9.5, ¢ = 11.41 £ 0.42
(7 in radians). Assuming there is no correlation between
the brightness of an asteroid and its inclination, the dis-
tribution of the cumulative number of asteroid up to mag-
nitude V(1,0) is then C(V,i) = C(V) v(i). We multiply
Eq. 2 by C(V, 1) and integrate over all inclinations to get
the number of asteroids in latitude 6,

w/2
H(0,V) I = - / di OV, i) ——23040
27 Jy| sin?i — sin?
~ C(V)kexp(=16°) . (3)

The approximation is a rather good fit, using numerical
integration, with £ = 4.0+£0.2,/ = 10.0+ 0.4 and S =
1.135 4 0.005.

The next step is to transfer this distribution to earth
ecliptic longitude and latitude 3, A. We choose the sun
to be at (0,—1,0) Astronomical Units in earth carte-
sian coordinates (Fig. 2). The solar latitude 6 is given
by sinf = z/y/x? + (y + 1)2 + 2%, where z = rcos B cos A,
y = rcosfsin A, z = rsin 3, are earth ecliptic coordinates.
Since all asteroids are assumed to be on the surface of the
sphere, we can write a? = 22+ (y+1)2+2%2 = r2 + 2y + 1,
whence

cos? Bsin? A + a2 — 1 — cos Bsin \ . (4)

r =

The relation between solar latitude and earth longitude
and latitude can now be recovered through

asinf = rsin 8

= [\/coszﬂsinz)\-l-az—l—cosﬂsin)\] sin g . (5)

z =

The distribution function 7(6) can now be expressed
in earth coordinates. Since we are interested in its depen-
dence on ecliptic latitude 3, we integrate on the longitude

T/2+A
(8, V)dB = C(V)dp dX k exp{—I x arcsin® |
T/2—-A

sin 8

(\/coszﬁsinz/\+a2 —1—cosfsin]) ; 1}
~ C(V)m exp(-—nB°)dg, (6)

where A is the bracket about opposition where the aster-
oid is bright enough. To provide specific values we chose
a longitude bracket A = =/6; the corresponding limit-
ing magnitude is V(1,0) = 8.2, which sets the number
of asteroids C(V) = 200 £ 10 (Table 1). The last line
is again a numerical solution which was well fitted with
m=262+0.13, n = 6.23 £ 0.25 and S = 1.135. 7(f) is
in asteroid-radian~! and is symmetrical about the ecliptic
plane 8 = 0. It is plotted in Fig. 3 (left scale), expressed in
asteroid-degree™!. Notice that by taking narrower brack-
ets around opposition and thus more asteroids (because
they are brighter), we can increase the value of the pref-
actor C(V) m by a small amount.
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The sky area covered by all asteroids can now be esti-
mated. We start by defining an adaptive optics cross sec-
tion: this is the sky area around the beacon within which
it can serve as a reference for the target (Chassat et al.
1989). The radius of this cross section is py & 10 arcsec in
the visible (low order correction only) and pg = 30 arcsec
at the K-band (nearly full correction with the same num-
ber of corrected modes). The instantaneous coverage by
an asteroid is a disk of angular area 7p?. The average cov-
erage over one year is a band swept by the asteroid around
the sky. The band length is 27 /T (ignoring the significant
contribution of retrograde motion), and its width is 2p.
Since asteroids are bright enough only when close to op-
position in a range of £A, we have a total annual coverage
of 27/T) x 2p x (2A/27) = 4Ap/T. In Eq. 6 we calcu-
lated 7(8) dB, the number distribution of asteroids on the
sky; the instantaneous and annual area distributions are
7pr(B) dB and 4Apr(B) dB/T correspondingly.

What is the fraction of sky covered by asteroids at each
ecliptic latitude in a year? To find this value we need to
divide the absolute coverage by the area of each ecliptic
latitude band df. This area is 27w cos 8 d3. Thus we get a
relative sky coverage

4Ap7(B) dB/T _ 2Ap7(B) (1)
2rcosBdf  wTcosfB

R(p) =

0.20

Asteroids per degree

0.05

Sky Coverage R(B) (percent)

Jo.00

o) I I |
0 10 20 30 40
Ecliptic latitude g (°)

Fig. 3. Average number of asteroids per degree (left axis, solid
line) and average annual coverage per degree of latitude (right
axis, dotted line) as a function of the earth ecliptic latitude
B. The average coverage is for the case of observation in the
visible, considering an adaptive optics field of view radius of
pv = 10 arcsec and a limiting magnitude of my = 12.5 for
the guide asteroid (K-band coverage is px/pv = 3 times as
large). The instantaneous (as opposed to annual) distribution
is smaller by a factor of TpyvT/4A = 0.00033.
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Figure 3 (right scale) shows this distribution for the
case of correction in the visible (the K-band coverage is
three times as large). We see that at zero ecliptic latitude,
for a cross section py = 10 arcsec and maximum opposi-
tion angle A = 30°, the annual sky coverage is 0.2%. This
value is comparable to what is obtained by using natural
reference stars (Rigaut & Gendron 1992).

3. Utilization in astronomy

Consider an astronomical program which concentrates on
a general type of object to be resolved (galaxies, AGNs,
planetary nebulae, YSOs, etc.) In order to appreciate the
availability of beacons, correlation must be made between
all the objects to be measured and all the asteroids bright
enough to serve as guide stars. This correlation is calcu-
lated in time and in space (or rather, on the available
night sky). Once there is a chance for a near occultation,
the exact elements of the orbit are to be calculated (or
measured), due to the slightly chaotic movement of some
asteroids. Finally times and sky locations have to be opti-
mized for efficient observing. An example of this procedure
is given in Bus et al. (1994).

The attainable limiting magnitude on the scientific tar-
get can be derived in the following way: The average over-
lap time of the moving asteroid cross section with a scien-
tific target is (p/27)T = 30 mn in the visible and 108 mn
in the K-band. Suppose that our telescope is 3.6 m in di-
ameter, and we wish to correct only twenty modes (a low
order adaptive optics system) using an asteroid of my =
12.5. We assume an overall throughput (including detector
efficiency) of 0.3, a pixel size of 0.1 arcsec, and 70% of the
energy concentrated on 3 x 3 pixels. The sky emission in
the visible and the infra red is my = 20.5 and mg = 12.6
per square arcsec. This allows to resolve enough details
(signal-to-noise ratio > 6) on most objects of my = 25 or
mg = 21 and brighter. More data could be collected and
finer details resolved on multiple passes of asteroids, on
brighter objects, and with brighter and slower asteroids
(or further planets and moons).

As the asteroid moves across the field, the adaptive sys-
tem follows it, so the quality of correction slightly changes
with distance from a fixed target. Another mode of oper-
ation is to lock the telescope and adaptive optics system
on the moving asteroid. Now the target will drift across
the field. It is then possible to use a scanning CCD to reg-
ister the target, where the scanning speed is opposite that
of the asteroid. This scheme is particularly suited to very
large objects, where only a band can be resolved near the
asteroid path.

Finally, the reverse is also true: in order to observe as-
teroids, it is possible to use nearby stars, planets or other
asteroids as beacons. Some measurements of solar system
bodies have recently been carried out, using the object
itself as a guide source for adaptive optics (Saint-Pé al
1993). Unfortunately, not all asteroids are bright enough

and small enough to allow such self-referencing. If we
wish to resolve fine details on large, low albedo asteroids,
comets, moons, and planets, we can use field stars or other
solar system bodies as references (see also comment by
Saint-Pé 1992). Occultation methods (Cunningham 1988,
Bus et al. 1994) have long been used to get the profile of
such objects. We propose here to use near-occultation for
true high-resolution imaging. Following this line, at least
one planet was measured by an adaptive optics system us-
ing its own moon as a beacon (Drossart, in preparation).

Acknowledgements. This work was carried out while visiting
the Université de Paris VII at Observatoire de Meudon. E.R.
wishes to thank P. Léna for his support, and the ComeOn
group for discussions and aid. V. Coudé du Foresto is specially
acknowledged for stimulating talks and for his help.

References

Baharav Y., Ribak E.N., and Shamir J. 1994, Optics Letters
14, 222-224.

Binzel R.P. et al. , eds., 1989, Asteroids I machine-readable
data base, University of Arizona Press. In the Astronomical
data center CD-ROM selected astronomical catalogs, L.E.
Brotzman, S.E. Gessner (eds.) NASA Goddard Document
STX-T-1-5002-009-91.

Bus S.J., Wasserman L.H., Elliot J.L. 1994, AJ 107, 1814-1824.

Chassat F., Rousset G., Primot J. 1989, SPIE 1114, 14-22.

Cunningham C.J. 1988, Introduction to asteroids, Willmann-
Bell, Richmond, Virginia.

Foy R., Labeyrie A. 1985, A&A 152, L29-L31.

Fried D.L. 1982, J.Opt.Soc.Am. 72, 52-61.

Fugate R.Q., Fried D.L., Ameers G.A., et al. 1991, Nature 353,
144-146.

Léna P. 1993, in NATO ASI Series C 423, Adaptive Optics in
Astronomy, D.M. Alloin and J.-M. Mariotti (eds.) Kluwer,
Dordrecht, 321-332.

Léna P. 1994, to appear in SPIE 2201.

Liege (1992), Proceedings of the 30th Liége international astro-
physical colloquium: Observations and physical properties
of small solar system bodies, Brahic A., Gerard J.-C., and
Surdej J. (eds.) Université de Litge. Steel D.I., McNaught
R.H., and Russel K.S., 219-221; Hahn G. and Maury A.,
239-241.

Rigaut F. and Gendron E. 1992, A&A 261, 677-684.

Roddier F., Anuskiewicz J., Graves J.E., Northcott M.J., and
Roddier C. 1994, to appear in SPIE 2201.

Saint-Pé O. (1992), discussion in [Litge 1992] 256.

Saint-Pé O., Combes M., Rigaut F., Tomasko M., and
Fulchignoni M. 1993, Icarus 105, 263-270.

Saint-Pé O., Combes M., and Rigaut F. 1993, Icarus 105, 271-
281.

van Houten C.J., van Houten-Groeneveld 1., Herget P., and
Gehrels T. 1970, A&AS 2, 339-448.

This article was processed by the author using Springer-Verlag
IATRX A&A style file L-AA version 3.

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1994A%26A...289L..47R

