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Asteroid collisions in the main belt eject fragments that may
eventually land on Earth as meteorites'. It has therefore been a
long-standing puzzle in planetary science that laboratory spectra
of the most populous class of meteorite (ordinary chondrites,
OC) do not match the remotely observed surface spectra of their
presumed (S-complex) asteroidal parent bodies. One of the
proposed solutions to this perplexing observation is that ‘space
weathering’ modifies the exposed planetary surfaces over time
through a variety of processes (such as solar and cosmic ray
bombardment, micro-meteorite bombardment, and so on).
Space weathering has been observed on lunar samples?, in
Earth-based laboratory experiments™‘, and there is good evi-
dence from spacecraft data that the process is active on asteroid
surfaces”®. Here, we present a measurement of the rate of space
weathering on S-complex main-belt asteroids using a relation-
ship between the ages of asteroid families and their colours’.
Extrapolating this age—colour relationship to very young ages
yields a good match to the colour of freshly cut OC meteorite
samples, lending strong support to a genetic relationship
between them and the S-complex asteroids.

Neither laboratory nor spacecraft measurements have measured
the rate of space weathering on asteroids. In the laboratory it
is difficult to calibrate the techniques used in simulating the
process (for example, rapid laser heating of crushed OC meteorite
samples®°) with the presumed actual mechanism (micro-meteoroid-
induced heating of regolith grains). Estimates of characteristic time
scales®!? for asteroidal space weathering based on laboratory results
vary from 5 X 10*yr to 10°® yr. From the spacecraft’s vantage point it
is possible to distinguish young from old terrains on the basis of
crater counting or other geological morphology (for example, rock
slides) but it is difficult to date the surface’s absolute ages, because
cratering rates on asteroid surfaces vary with time, orbital elements,
size and so on. Space weathering on Eros seems to reach maturity on
timescales of several tens of millions of years (C. R. Chapman,
unpublished work).

We have developed a technique for measuring the rate of space
weathering on main-belt asteroids (Fig. 1). Our method uses
asteroid families that are genetically related groups of objects that
were created in the collisional disruption of a larger asteroid. The
surfaces of asteroids in a family must all have the same age as they
are all ‘re-set’ by the catastrophic disruption that generated the
group. When the collision takes place, many large fragments are
ejected and they re-accumulate a layer of material on their surfaces
that was formerly in the interior of the parent asteroid'. The
identification of asteroid families and determination of their ages
is described in Supplementary Information.

We obtained asteroid colours from the Sloan Digital Sky Survey
Moving Object Catalog’ (SDSS MOC) that contains 5-band
(u,g,1,1,z) photometric data accurate to 0.02 magnitudes for over
135,000 entries. More than 28,000 were linked to known asteroids
with proper elements from the AstDys database'’. Because our
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identification of asteroid families was performed on the same set of
proper elements, we were able to cross-link 8,416 asteroids with a
known family identification to the MOC. Twelve of the families are
classified unambiguously as S-complex by other researchers and/or
are well determined by the colours from the MOC itself as described
in Supplementary Information.

Although the classification of our families as members of the
S-complex is well determined, there are many subtypes within this
broad taxonomic complex. In particular, a classification scheme
based on mineralogical absorption features' in the infrared suggests
that only one subclass (SIV) is mineralogically consistent with an OC
meteorite connection. We will argue below that our results suggest
that there is a space-weathering connection between S-complex
asteroids and the OC meteorites, and it would therefore seem that
this analysis should be restricted to only those families of the SIV
sub-type. There are two problems with this option: (1) the miner-
alogical classification scheme has been applied to only 39 asteroids,
and only two of those objects are among the thousands of asteroids
in our family members, and (2) that classification scheme ignored
the possibility of space weathering, assigning all the variability
within the S-complex to mineralogical diversification. Similarly,
the Eos family contains many K-type (a subclassification within the
S-complex) asteroids that are thought to be related to the CO3 or
CV3 chondrites rather than the OC meteorites'.

This study shows that there is an age-dependent component to
asteroid colours along with mineralogical differences. As we have no
a priori means of disentangling these effects, we make no distinction
between families of different types within the S-complex. Further-
more, in the wavelength range of the SDSS filters, there are few
features available to distinguish quantitatively between S-complex
asteroids except for the slope that is related to the first principal
component (PC;) colour shown in Fig. 1.
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Figure 1 The relationship between the mean colour of S-complex asteroid families and
their ages. The PC; colour captures ~73% of the variance in colours between asteroids
with good spectrophotometric measurements (APC4 < 0.1) in the SDSS MOC. It is a
good proxy for the mean spectral slope between 350 nm and 900 nm. Larger values of
PC; correspond to higher slopes (redder objects) in that wavelength range. The PC; for a
family is the standard weighted mean of all measured values for the members of the
family. The displayed error bars on PC; are the standard error of the weighted mean
colour. The solid line represents a fit to the data points accounting for errors in both the
ordinate and abscissa.
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We used u-g, g1, g-i and g—z colour bands for 10,776 objects
culled from the entire MOC with photometric errors in each band
of less than 0.10 magnitudes as input to a principal components
(PC) analysis' that creates mutually orthogonal linear combi-
nations (eigenvectors) of the colours. In doing so it collapses the
input data into successive components that incorporate the maxi-
mum remaining variance of the colours. It thus provides a measure
of the true dimensionality of the input system so that we can
concentrate our efforts on the most important colour terms. We
found that ~73% of the variation in the colours is incorporated
into PC; = 0.356011,5+0.541814, +0.5683m14; + 0.506611,,, where
My is the x—y colour for the asteroid after correction for solar
colours [y, = (my — my)spss — (Mx — My)gyn]. We have found
that PC is well correlated with the slope of the reflectance spectrum
in the wavelength range of 350 nm to 900 nm, and is thus a good
measure of the reddening effect caused by space weathering. PC; is
also well correlated with the SDSS colour components'®.

Figure 1 shows that PC; depends on a family’s age. Assuming that
the change in colour is related to the amount of asteroid surface
processed by a constant flux of a space-weathering agent, we expect
the change of colour as a function of time to be given by PC;(t) =
PC;(0) + APC{1 — exp[—(¢/7)]}. We have generalized the form
to PC;(¥) = PC,(0)+ APC,{1 — exp[—(¢/7)*]} for the fit shown
on the figure with PC;(0) = 0.32 = 0.01, APC; = 1.0 = 0.1,
7= (25 = 5) X 10’ years and o = 0.50 * 0.05.

The characteristic timescale for space-weathering is
7=10""""%2 vyears, which is two orders of magnitude larger
than estimates (~10® years) based on laboratory measurements of
laser-induced simulated weathering of ground meteoritic samples®
intended to simulate the effects of micro-meteoroid bombardment.
Interaction of the solar wind with asteroid surfaces is predicted’® to

+ 0 Myr ago 4,650 Myr ago

0.05[~
= L
k] L
=
T 0.04
(_U -
£ L
o L
c
> L
S 0.03
g L
5 L
5 L
g L
E 0.021-
>
2 L
[0} L
2
= L
< L
T 001+

ol - R . L R .
-0.2 0 0.2 0.4 0.6 0.8 1
Colour

Figure 2 The distribution of colours for S- and C-complex asteroids detected by the SDSS
and the average colours of eight types of ordinary chondrite meteorites. Normalized PC 4
distribution for SDSS MOC entries with APC; < 0.1 (solid line) and OC meteorites (filled
histogram). The peak on the right is the S-complex of asteroids and the peak on the left the
C-complex. A gaussian fit to the S-complex PC; (>0.45) distribution yields the most likely
S-complex PC; = 0.557 * 0.004. We used the average OC spectra for (from left to right
in the histogram) H5, L6 (type i), LL6, HB, L4, L6 (type ii), L5 and LL3 meteorites of ref. 27
convolved with the solar spectrum and the SDSS system transmission then transformed to
PC+. PG4 ranges indicated by error bars at the top are predictions for new and old
(4,650 x 10° years) S-complex material. The arrow points from the central prediction for
each in the direction of increased ageing.
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alter them much faster, perhaps within a characteristic timescale of
only ~10* years.

The caveat is that with existing data our technique is insensitive to
measurements of subcomponents of the space-weathering process
(for example, there might exist a fast and slow mechanism) if it
occurs on timescales of <~10° years because it would require a
sample of very young families (for example, 10°~10° years) with
well-measured colours. Other known effects of space weathering
include spectrum-wide darkening and a reduction in the band
depths of absorption features. We were not able to identify any
significant change as a function of time in the SIMPS" albedo or
2MASS J/H and K/H infrared-band ratios'® for the S-complex
families. This might be due to a lack of sensitivity of our technique
(for example, space weathering occurring too fast) and could
indicate that different processes act at varying timescales to create
the overall space-weathering phenomenon. It is also possible that
gardening of the surface regolith through regular bombardment by
small asteroids could significantly lengthen the effective space-
weathering timescale'® on the basis of laboratory experiments.

Meteorite spectra in the laboratory are obtained from freshly
exposed (ground or crushed) surfaces and therefore correspond to
the surface ages of newly formed asteroid families. We predict that
the mean PC, for new families should be 0.32 * 0.01, whereas
families formed at the beginning of the Solar System ~4.650 X 10°
years ago should have PC; = 0.67 = 0.07, as shown on Fig. 2. The
age—colour correlation presented here, along with a contribution
from intrinsic mineralogical differences between the parent bodies,
can explain the observation of colour diversity between families's
within the S-complex.

The mean PC; for the OC meteorites in Fig. 2 is 0.39 = 0.10 (the
mean is 0.36 + 0.06 without the LL3 subclass—with PC, = 0.59 its
colours are already similar to the S-complex’s). Our prediction for
the unweathered colour of S-complex asteroids agrees well with the
observed mean PC; for the OC meteorites. Our prediction for
S-complex asteroid surfaces with an age equal to that of the Solar
System is slightly higher than the mean colour of all S-complex
asteroids, as would be expected if the majority have experienced
some space-weathering. The mode colour of the S-complex aster-
oids (0.557 £ 0.004) corresponds to an asteroid that has aged for
~1.9 X 10° years.

Our result, along with a growing body of indirect evidence,
strongly supports earlier speculation’ that most S-complex aster-
oids could be OC meteorite parent bodies. Asteroid spectra with
typical OC meteorite features are known as Q-types, as exemplified
by (1862) Apollo. Even though there is little to no remote-sensing
evidence’” of Q-type asteroids in the main belt, all four S-complex
asteroids for which in situ measurements exist (Gaspra, Ida, Dactyl,
Eros) have surfaces that are more OC-like in recently excavated
terrain leading to the conclusion (C. R. Chapman, unpublished
work) that all four are probably OC bodies.

Assuming that S-complex asteroids are the OC parent bodies, our
determination of the space-weathering rate correctly predicts the
colour of fresh ordinary chondritic material. We predict that as
spectroscopists are able to image smaller main-belt asteroids they
will increasingly find them to be more Q- or OC-like. Indeed
the SMASS2 survey" finds some main-belt spectra verging towards
Q-type. However, even larger main-belt S-complex asteroids such as
(6) Hebe, often cited as a possible OC parent body, can produce OC
meteorites. Observations of rotationally resolved spectroscopic
heterogeneity®® on that asteroid may be the result of varying degrees
of space weathering on different hemispheres.

Given the rate at which main-belt asteroid families are produced,
and the distribution of dynamical times for evolution onto Earth-
crossing orbits, our results can predict the ratio of Q- to S-type
asteroids in the main belt and amongst the near-Earth object (NEO)
population. Main-belt S-type asteroids will produce S-type progeny
whose freshly exposed surfaces should exhibit Q- or OC-like spectra
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after cratering events and catastrophic disruptions. The newly
created object’s orbits will gradually evolve and perhaps be trans-
ported into one of the strong resonances that can pump the orbit’s
eccentricity to Earth-crossing values. Smaller objects will migrate
faster under the influence of the Yarkovsky effect®’, and once in a
resonance the dynamical lifetime of objects of any size is of the order
of only a few million years®. However, cosmic ray exposure ages tell
us that most OC meteorites are tens of millions of years old**. This
indicates that even the smallest meteoroids spend a considerable
amount of time migrating from their point of origin into the
resonances, and the larger objects that eventually become NEOs
probably require even more time. Thus, we expect that NEOs of
S-complex provenance will display a size-dependent range of
spectra ranging from Q (or OC) to S. This prediction is supported
by numerous reports in the past decade indicating Q-like spectra
and a size-dependent trend to OC-like spectra with decreasing size
in the NEO population®°. However, space weathering in the main
belt occurs faster than the lifetimes of NEOs, as suggested by
meteoritic cosmic ray exposure ages**. Thus, observational evidence
for a large number of OC-like spectra amongst the NEOs*~°
implies that regular re-surfacing of these objects keep them looking
younger longer. g
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Strongly correlated quantum systems are among the most intri-
guing and fundamental systems in physics. One such example is
the Tonks—Girardeau gas"?, proposed about 40 years ago, but
until now lacking experimental realization; in such a gas, the
repulsive interactions between bosonic particles confined to one
dimension dominate the physics of the system. In order to
minimize their mutual repulsion, the bosons are prevented
from occupying the same position in space. This mimics the
Pauli exclusion principle for fermions, causing the bosonic
particles to exhibit fermionic properties">. However, such bosons
do not exhibit completely ideal fermionic (or bosonic) quantum
behaviour; for example, this is reflected in their characteristic
momentum distribution®. Here we report the preparation of a
Tonks—Girardeau gas of ultracold rubidium atoms held in a two-
dimensional optical lattice formed by two orthogonal standing
waves. The addition of a third, shallower lattice potential along
the long axis of the quantum gases allows us to enter the Tonks—
Girardeau regime by increasing the atoms’ effective mass and
thereby enhancing the role of interactions. We make a theoretical
prediction of the momentum distribution based on an approach
in which trapped bosons acquire fermionic properties, finding
that it agrees closely with the measured distribution.

The physics of ultracold one-dimensional (1D) Bose systems is
very different from that of ordinary three-dimensional (3D) cold
gases">*>. For example, by decreasing the particle density #, a usual
3D quantum many-body system becomes more ideal, whereas in a
1D Bose gas the role of interactions becomes more important. The
reason is that at temperatures T — 0, the kinetic energy of a particle
at the mean interparticle separation is K oc n* and it decreases with
decreasing density # faster than the interaction energy per particle,
I oc n. The ratio of the interaction to kinetic energy, vy = I/K,
characterizes the different physical regimes of the 1D quantum
gas. For a large value of v, the gas enters the Tonks—Girardeau (TG)
regime, where the repulsion between particles strongly decreases the
wavefunction at short interparticle distances.

Achieving such a TG regime and observing ‘fermionization’ of
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