0 =~ 0,. In the other extreme, when 6 = 0.4 arcsec, the magnetic field
from the magnetar would be negligible, but the inferred field
strength can be easily explained as arising from compression of
the ambient field by the bow shock. The mean expansion speed of
the nebula is 3.5 X 10"°d,0,t,,' cms ™' where f,, is the age of the
nebula in units of 10 days. Thus in the limit of § = 0.4 arcsec the
nebula would have expanded relativistically. This is possible if
previous outbursts have swept up the ambient gas. In this limit,
Upin is comparable with the isotropic burst energy of 3 X 10*dZ erg,
as estimated from the fluence of the 27 August burst
(~1077 ergcm % M. Feroci, personal communication). In either
case, it is clear that nebular expansion accounts for the rapidly
decaying radio emission. Thus the above energy estimates (derived
from observations 7—10 days after the burst) need to be revised
upwards to obtain the initial release of energy.

In the future, the availability of broad-band observations and/or
direct measurement of the size of the nebula should enable us to
estimate directly the energy of the burst in particles (without the
uncertainties of beaming that bedevil estimates from vy-ray data).
Equally important are accurate measurements of the average par-
ticle luminosity, as particle-aided spindown can substantially
modify estimates for the magnetic field and the characteristic age
of a neutron star’. These estimates, to our knowledge, are unob-
tainable in any other fashion. In those cases where the SGR is
immersed in a high-pressure region (for example, SGR1806—20), we
are able to trace the entire history of energy loss from the magnetar.
The sub-arcsecond localization presented here should greatly help
the identification of possible stellar counterparts of this SGR (as was
done for SGR1806—20; refs 22, 23). O
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Rotation rates of Kuiper-belt
objects from their light curves
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Very little is known about the physical properties of Kuiper-belt
objects', due to their relatively small size and large distance from
the Earth. For example, a Kuiper-belt object with a diameter of
300 km at a typical distance of ~30 au would subtend an angle of
only 0.014arcsec. It is therefore possible to investigate their
surface markings, shapes and rotational properties only through
variations in the light that they reflect (their light curves). Here we
report a survey of optical light curves from Kuiper-belt objects.
Variations are observed only for the faintest objects in the survey.
We can rule out eclipsing binary objects and variations in the
surface markings as the origin of these light curves, suggesting
that the observed variations are due to the rotation of irregularly
shaped objects. Irregular shapes may be limited to the smallest
Kuiper-belt objects because the material strength in their inner
regions is sufficient to maintain the shape against the weight of
the overlying material. If, however, all of the objects in our survey
are of essentially the same size, then the intrinsically faintest ones
may be composed of a stronger and darker material than the
brighter ones.

Because Kuiper-belt objects (KBOs) are too faint for thermal
infrared observations with a high signal-to-noise ratio, visible and
near-infrared photometry seem to be the only way to learn anything
about their diameters, shapes and surface markings. The diameter,
D (in kilometres), of a KBO can be obtained from the definition of
albedo, p:

pOD* =9 X 10'°r°A*10%4"e =Y (1)

where @ is the phase function?, r is the heliocentric distance (au), A
is the geocentric distance (Au), me is the apparent V-band solar
magnitude (—=26.74), and Vis the apparent V-band magnitude of the
KBO. The diameters that we derive below assume an albedo similar
to that of the progeny of the KBOs—the nuclei of short-period
comets. Such nuclei have p = 0.04, implying a surface as black as
charcoal.

The shape or surface markings of a KBO can be derived from
periodic variations in its brightness. In the case of a spherical KBO
with light and dark surface markings (for example, with one
hemisphere darker on average than the other), each rotation of
the KBO results in one minimum and one maximum in the light
curve. If the KBO has a uniform surface albedo, but an elongated
shape, rotation of the object results in a periodic variation of the
projected cross-sectional area. Each rotation of the elongated object
results in two minima and two maxima in the light curve. The
amplitude of the light curve, Am, is related to the major axis, a, and
the intermediate axis, b, of a triaxial object by the equation:

Am = 2.Slog% (2)

where we have assumed that the axis of rotation is perpendicular to
the line of sight (an ‘equator-on’ aspect) and lies along the short
axis, ¢, of the body. The determination of the orientation of the
rotation axis of a KBO from photometry would require data from
about one-quarter of a KBO revolution about the Sun, about 40
years for a KBO at 30 au. Such a determination is beyond the scope
of this survey and therefore requires our simplifying assumption.
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Our KBO survey uses Harris V (550nm) and R (650 nm)
5 X 5inch glass filters in front of a 1,200 X 800 pixel charge-
coupled-device (CCD) camera at the f/9 Cassegrain focus of the
Steward Observatory 2.3-m telescope on Kitt Peak, Arizona. The
results presented here and in our KBO colour survey’~® use the same
data sets; the details of our observing and data-reduction proce-
dures are contained in these earlier reports. We mention here that
our aperture correction technique not only minimizes the sky noise
in our measurements, but also minimizes errors due to contamina-
tion by faint galaxies and stars. An estimate of the effects due to
contamination by faint background objects can be found by looking
at the number—magnitude counts”® of faint stars and galaxies made
to R-band magnitude R = 25 at relatively high Galactic latitudes,
where many of the known KBOs are found. Extrapolating the
number—magnitude relation to R =26 mag, we find that the
number of galaxies per degree” is larger than the number of stars
per degree?, and that there are about 2.5 X 10° galaxies per degree?
between R = 23 mag and R = 26 mag; this corresponds to ~0.02
galaxy per arcsec’. By using an aperture three pixels in radius for our
KBO measurements, we greatly decrease our chances of including
an ‘unseen’ (fainter than R = 23 mag) faint galaxy. The chance of
finding a galaxy between R = 23 mag and R = 26 mag in our small
aperture are 1 in 20.

Our V-band photometry is summarized in columns 2 and 3 of
Table 1. An important aspect of our programme is that our
photometry is consistent over intervals of hours, days and years.
We find that 25 V-band magnitude measurements of the KBO 1996
TL66 taken over a time interval of seven days yield a standard
deviation about the mean of 0.03 mag (Table 1). We obtain a similar
consistency for 1996 TO66. Individual V-band magnitudes of the
KBO 1993 SC agree at the 0.06-mag level over intervals of hours and
days®. Once we correct for differences in distances and phase angle
using a slope parameter of 0.15, we find that our V-band magni-
tudes for 1993 SC and 1994 TB are consistent at the 0.07-mag level
over an interval of nearly a year and two years, respectively. Such
repeatability in our photometry supports our hypothesis that
contamination by faint stars and galaxies is not an important
source of error in our KBO measurements.

We now consider how our photometry compares with that of
other investigators. As there is little agreement between investigators
regarding the B— V and V — R colours of KBOs*, we will confine
our comparison to V-band magnitudes. First, we find that Jewitt
and Luu’ observed the brightest KBOs (1996 TS66, 1996 TP66, 1996
TO66 and 1996 TL66) on 23 and 24 September 1997, about a week

before our measurements. For three of the four KBOs, our V-band
magnitudes (Table 1) and their magnitudes differ by <0.05 mag, a
remarkably good agreement. For an unknown reason, our colours
and their colours for these same objects exhibit far less agreement.
Second, we consider studies of the Centaur, 5145 Pholus. Buie and
Bus'® and Davies et al.'' obtain absolute magnitudes (brightness at
unit heliocentric and geocentric distance and 0° phase angle), Hys of
7.645 £ 0.011 and 7.63 £ 0.02, respectively, for 5145 Pholus. We
obtain H, = 7.63 * 0.03mag for 5145 Pholus, again very good
agreement. Last, Davies et al. find good agreement between our V-
band magnitudes and V — R colours and their V-band magnitudes
and V — R colours for the Centaurs in their study.

There are 12 objects in Table 1 that have sufficient temporal
coverage for use to measure, or set limits on, the amplitudes of light
curves (see column 6 of Table 1). Of the KBOs, only 1995 QY9, 1994
VK8 and 1994 TB (November 1995 and October 1997) exhibit
detectable brightness variations (Fig. 1). We have analysed the light
curves in Fig. 1 using the techniques of phase dispersion
minimization'? as well as a phasing of the data with every possible
period between 1 and 10 hours. We find that 1995 QY9 has a best
period of ~3.5 hours, and a viable range of periods that extends
between 3.3 and 3.7 hours. For 1994 VK8, we find possible light-
curve periods of 3.9, 4.3, 4.7 and 5.2 hours. In the case of 1994 TB,
we find that possible periods of 3.0 and 3.5 hours fit both the 1995
and 1997 data.

These periods are so short that they eliminate the rotation of
essentially spherical objects with light and dark surface markings
(for example, one hemisphere darker on average than the other) as
the mechanism responsible for the light curves. Applying Newton’s
second law of motion and the law of gravitation allows us to
calculate the period, Py, at which a KBO rotates so fast that it
will throw material off its equator and hence be unlikely to retain a
regolith or even to form in the first place by accretion:

37!
P.=[—
crit (Gp>

where p is the density. If we assume p = 1gcm ™ °, we obtain
P, = 3.3hours. Our measured periods are slightly below, at, or
slightly above, the critical period, making it unlikely that light and
dark surface markings are responsible for the light curves.

The short measured periods make it unlikely that eclipsing binary
KBOs are responsible for the light curves. The shortest period
allowed for a binary KBO system corresponds to a separation

3

Table 1 Properties of KBOs

Object v 4 n Hy Am D a/b ut Date
(mag) (mag) (mag) (mag) (km)
1997 CU26 18.56 0.02 2 6.75 300 8 Oct. 1997
1997 CS29 22m on 12 5.52 <0.22 530 <122 6, 9,10 Oct. 1997
1996 TS66 22.47 0.08 7 6.50 <0.16 340 <116 5 Oct. 1997
1996 TQ66 2312 0.1 10 769 <0.22 200 <122 4 Oct. 1997
1996 TP66 21.64 0.06 16 7.39 <012 220 <112 3-5 Oct. 1997
1996 TO66 21.38 0.05 13 4.75 <010 760 <110 3, 4,6 Oct. 1997
1996 TL66 20.91 0.03 25 5.40 <0.06 560 <1.06 2,9 Oct. 1997
1996 RQ20 22.94 0.07 7 6.99 270 10 Oct. 1997
1995 QY9 22.88 1 8.07 0.60 160 1.74 10 Oct. 1997
1995 HM5 234 01 3 8.30 150 8 Apr.1997
1995 GO 2012 15 919 0.34 100 1.37 14 Apr. 1996
1995 DW2 22.24 0.02 7 9.563 <0.04 84 <104 7 Apr.1997
1994 VK8 24.05 15 763 0.42 210 147 24, 26 Jan. 1998
1994 TB 22.91 12 8.04 0.26 166 127 7 Oct. 1997
23.20 12 8n 0.34 161 1.37 24-27 Nov. 1995
1994 JR1 229 01 5 7.35 230 7,8 Apr. 1997
1993 SC 22.74 0.02 4 723 <0.04 240 <104 24-27 Nov. 1995
22.67 0.06 8 7.30 <012 230 <112 8 Oct. 1996
Nessus 20.84 0.04 2 9.52 80 14 Apr. 1996
Pholus 18.46 0.06 3 763 0.15° 200 27 Nov. 1995

Meaning of symbols is as follows. V, Average V-band magnitude; o, standard deviation about the average; n, number of images averaged; H,, absolute magnitude; Am, light-curve amplitude
(objects without entries do not have sufficient temporal coverage to measure or set an upper limit on an amplitude); D, diameter, assuming a cometary albedo of 0.04; a/b, major-to-

intermediate axial ratio, assuming that the axis of rotation is perpendicular to our line of sight.

130

A2 © 1999 Macmillan Magazines Ltd

NATURE |VOL 398| 11 MARCH 1999 | www.nature.com




22.o:§EEE 3

225

V magnitude

23.0

225

R magnitude

230 =@ = =

1
20.0 40.0
Universal Time (h)

0.0 60.0

Figure 1 Light curves for Kuiper-belt objects (filled symbols) and faint field stars
(open symbols). Measurements through the Vand R filters are plotted as squares
and circles, respectively. Conversions between V-band and R-band magnitudes
are accomplished with the V — R colours of the objects. All error bars are +1¢and
are a measure of the sky noise. All sine curves represent possible periods and
amplitudes obtained from our phase dispersion minimization and phasing tech-
nigues. a, V magnitudes for 1995 QY9 and a faint field star. The data from the star
have been moved upwards on the figure for clarity; the actual average V
magnitude and standard deviation of the star are 22.46 and 0.04, respectively.

distance equal to the sum of the radii of the KBOs. If we assume
similar sizes and densities for the two KBOs, then application of
Newton’s second law and the law of gravitation yields:

127}
Pbinary = G_p

If we assume a density of 1 gcm™, we obtain a minimum period of
revolution for the binary of 6.6 hours. Because a complete cycle of
the binary corresponds to two minima and two maxima in the light
curve, we must double our KBO light-curve periods for comparison
with the 6.6-hour minimum period for the binary. Once again, our
measured periods are slightly below, at, or slightly above, the binary
limit, making it unlikely that eclipsing binaries are responsible for
the light curves.

Now that we have eliminated surface markings and binaries as
mechanisms, it seems that our light curves are due to the rotation of
irregularly shaped bodies. On doubling the light-curve periods, we
find rotation periods of ~7.0 hours for 1995 QY9, possible periods
of 7.8, 8.6, 9.4 and 10.4 hours for 1994 VK8, and 6.0 and 7.0 hours
for 1994 TB. As a comparison, a histogram of rotation periods of
asteroids with 125 < D < 200 km has a peak at 12 hours (ref. 13).

We have also analysed the amplitudes of the light curves. A plot of
the light-curve amplitude, and the 2¢ upper limit for an amplitude,
against absolute visual magnitude (Hy,) for the 12 KBOs is shown in
Fig. 2. A clear pattern can be seen in this figure: the intrinsically
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The sine curve has a period of 35h and an amplitude of 0.60mag. b, V
magnitudes for the KBO 1994 VK8 and a faint field star. The sine curve has a
period of 4.7h and an amplitude of 0.42 mag. ¢, R magnitudes obtained between
24 and 27 November 1995 for the KBO 1994 TB. The sine curve has a period of
3.0h and an amplitude of 0.34 mag. d, R magnitudes obtained on 7 October 1997
for the KBO 1994 TB and a faint star. The data from the faint field star have been
moved upwards for clarity, the actual R magnitude of the star is 22.19. The sine
curve has a period of 3.0h and an amplitude of 0.26 mag.

brightest objects show no evidence of any significant brightness
variation, whereas the intrinsically faintest objects do show such a
variation.

The trend in Fig. 2 has two possible explanations. First, the KBOs
in our sample could all have the same albedo: the difference in
intrinsic brightness among the objects would then be due to
differences in size. In the central region of a small KBO, the material
strength exceeds the weight exerted by the overlying material. A
small KBO can therefore be strong enough to retain any irregularity
in its shape. In the central region of a very large KBO, on the other
hand, the overlying weight of material exceeds the material strength,
and crushes any irregularities in shape. Large KBOs must therefore
take on a spherical shape. If we consider the diameter at which the
transition between irregular and spherical KBOs takes place, D,, we
can estimate the strength of KBO material. If we assume a constant
density throughout a KBO, then application of the equation of
hydrostatic equilibrium at a radial distance of 0.8R from the KBO
centre yields an expression for the material strength:

§$=1.29 X 107 *D}p? (5)
where S is in dyn cm ™ and D; is in cm. We chose a radius of 0.8R
because half the mass of the KBO is inside such a radius, and the
mechanical failure of ice at such a radius will probably manifest
itself in terms of topographic relaxation in shape. An examination of
column 7 in Table 1 suggests that the transition diameter occurs
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Figure 2 A plot of the light-curve amplitude versus the absolute magnitude for the
12 objects in our survey with good temporal coverage. The open squares and
filled squares represent upper limits and Am detections, respectively. The filled
circles represent Am detections for the bare nuclei of short-period comets™.
The symbols P and G represent the Centaurs 5145 Pholus™ and 1995 GO3"2', A
pattern is clearly seen; intrinsically faint KBOs exhibit light curves.

around 250 km, assuming an albedo of 0.04. If we assume a density
of 1gcm™, we obtain a material strength of 8 X 10°dyncm ™2, a
value smaller than that of a bulk ice in a laboratory™,
2 X 10" dyncm ~*. Larger objects are known to be weaker than
smaller objects of the same material. Models of size-dependent
strength'® imply that strength should scale as R™>"*? where
m = 8.1 for ice. Thus the models suggest that the strength of a
KBO with R =100km should be (107) %¥(= 0.01) times the
laboratory strength of ice, that is, ~2 X 10> dyncm ™.

The second possibility that can explain the trend in Fig. 2 is that
the KBOs in our sample are all about the same size. The difference in
intrinsic brightness would then be due to differences in albedo, the
intrinsically faint objects being composed of a darker material than
the brighter objects. If the dark material has a greater material
strength than the lighter material, the dark objects could support
more overlying material and hence retain their irregular shapes to
greater diameters than could the light-coloured KBOs (E. Asphaug,
personal communication).

What mechanism is responsible for the production of irregularly
shaped objects? One possibility is that the objects in our survey
retained their original shapes from the time they stopped growing.
An alternative possibility is that the irregular shapes are shards from
collisions. Calculations'®™"® have shown that objects with diameter
>100km cannot be shattered by collisions in the present-day
Kuiper belt; this is because collisions between such large targets
and impactors that are large enough to disrupt these targets are too
infrequent. If the KBOs have albedos similar to those of short-
period comets, then their irregular shapes are the result of primor-
dial formation processes. [
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A standard exercise in elementary quantum mechanics is to
describe the properties of an electron confined in a potential
well. The solutions of Schrodinger’s equation are electron stand-
ing waves—or ‘quantum-well’ states—characterized by the quan-
tum number n, the number of half-wavelengths that span the well.
Quantum-well states can be experimentally realized in a thin film,
which confines the motion of the electrons in the direction normal
to the film: for layered semiconductor quantum wells, the afore-
mentioned quantization condition provides (with the inclusion of
boundary phases) a good description of the quantum-well states.
The presence of such states in layered metallic nanostructures
is believed to underlie many intriguing phenomena, such as the
oscillatory magnetic coupling of two ferromagnetic layers across
a non-magnetic layer”” and giant magnetoresistance’. But our
understanding of the properties of the quantum-well states in
metallic structures is still limited. Here we report photoemission
experiments that reveal the spatial variation of the quantum-well
wavefunction within a thin copper film. Our results confirm an
earlier proposal® that the amplitude of electron waves confined in
a metallic thin film is modulated by an envelope function (of
longer wavelength), which plays a key role in determining the
energetics of the quantum-well states.

The standard quantization condition on an electron of wave-
vector k within a potential well of width d is:

2kd + ¢ = 2mn (D

This equation expresses the requirement that, as the electron
‘bounces’ back and forth within the well, the length of a round
trip must (apart from end corrections embodied in the phase ¢)
equal an integral number of wavelengths. For fixed n, an increase
of d results in a decrease of k. Because the conduction electron’s
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