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FIG. 3 The rotation curve of the galaxy NGC5907 as derived from obser-
vations of the 21-cm line of neutral hydrogen® is shown with model
curves. In each panel, the dotted line shows the curve that would be
expected from the H | gas alone and the dashed line indicates the
rotation curve of the thin exponential disk alone. The thick solid lines
are the complete rotation curves, namely the quadrature sum of the
gas curve, disk curve, and the rotation curve of haloes producing simi-
larly good fits to the light: an r 222 halo, with ¢c/a=0.51 and a 1-kpc
core (top curve); an r~>2° halo, with ¢/a=0.53 and a 2-kpc core (middle
curve; R-band residuals shown in Fig. 2d); and an r >"* halo, with
¢/a=0.53 and a 6-kpc core (bottom curve). The central dark mass
densities of these models are 1.9, 0.45 and 0.08 M, pc 2 respectively.
In the middle panel, the mass of the disk is assumed to be
5.3 x 10" M, derived using M/Lg =2 (appropriate to Sc galaxies) and
a luminosity based on the Tully—Fisher relation. The M/Lg of the halo
component has been scaled to give a good fit to the rotation curve:
M/Lg=420 for the r >?? halo, M/Lx=450 for the r">*® halo, and
M/Lg=455 for the r">™* halo. Plausible fits to the curve can be
obtained with plausible 1 < M/Lg 4isx <4 (top, middle and bottom panels)
for an Sc disk, resulting in 270 < M/Lg nao < 540 for the halo, though the
high M/Lgaisx and low M/Lgnao give notably poorer fits. (All M/L are
given in solar units.) The r~ > distribution cannot provide the required
rotation support beyond the edge of the stellar disk (~20 kpc). The
rotation curve inward of 5 kpc is affected by light inside our mask and
by the small buige component seen in the infrared™®.

As halo stars have high space motions, proper-motion surveys
provide one of the best constraints on the existence of a massive
halo of M subdwarfs in our own Milky Way. Assuming
kinematics similar to the Galaxy’s Population II halo, the num-
bers of M subdwarfs in one such proper-motion catalogue®” fall
short by at least an order of magnitude (C. C. Dahn, J. Liebert,
H. C. Harris, P. C. Boeshaar, manuscript in preparation), sug-
gesting that the Galaxy’s massive halo is not composed of such
objects. Deep pencil-beam surveys of the Milky Way capable of
accurate star-galaxy separation at V=26 mag or fainter would
also place tight constraints on a dark-matter halo of late M
subdwarfs in the Galaxy, because such surveys would probe
distances up to 2 kpc and thus detect ~20 of these faint halo
stars per square arcmin.

For external galaxies, the decisive observations, which are in
reach of current technology, will be surface-brightness measure-
ments in the V and I bands. If the stellar population emitting
the faint halo light of NGC5907 is similar to that of known
population 11 stars, its (¥ —17) colour should be ~1.0 (ref. 28);
observed late M dwarfs have (V—171) colours near 2.5
(ref. 22). ]
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MosT material in the Solar System has an isotopic composition
that represents an average of the different stars that contributed
material to the protostellar cloud. Primitive meteorites, on the
other hand, preserve grains that retain the isotopic signatures of
their individual stellar sources' and thus provide valuable insight
into stellar and galactic evolution, nucleosynthesis, and solar nebu-
lar processes. A large number of pre-solar silicon carbide, graphite
and diamond grains have now been isolated", but only three inter-
stellar oxide grains have hitherto been recovered®”, even though
oxygen-rich stars are believed to be the dominant source of dust
in the Galaxy®®. We report here the isolation of 21 interstellar
oxide grains from the Tieschitz meteorite. The grains exhibit a
wide range of oxygen isotope compositions, indicating that they
originated in several distinct stellar sources having different masses
and initial compositions. There is also evidence for the presence
of the short-lived radionuclide *°Al in nine of the grains at the time
they formed. Although the isotopic compositions of many of the
grains are consistent with both observations and theoretical models
of oxygen-rich red giant stars, a significant fraction have no
observed stellar counterpart.

Different isotopes are produced by a variety of nucleosynthetic
processes, and the isotopic ratios in interstellar grains can there-
fore provide insight into the types of stellar sites that produced
them. Here we determine the isotopic compositions of 21 inter-
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stellar oxide grains isolated from the Tieschitz meteorite, and
compare these values to astronomical observations and theoreti-
cal models of stellar evolution.

A sample of the Tieschitz (H/L 3.6) ordinary chondrite was
physically and chemically processed to produce a residue'®'',
T8, in which chemically-resistant oxide phases were concentrated
by a factor of ~2.5 x 10°. For ion microprobe analysis, a suspen-
sion of T8 was deposited on a gold foil'? along with grains of
the Burma Spinel oxygen isotope standard. To automatically
locate rare interstellar oxides, a Photometrics CCD (charge-
coupled device) camera was coupled to the microchannel plate/
fluorescent screen of the modified Cameca IMS-3F ion
microprobe® at Washington University. Low-mass-resolution
ion images (in '°O” and '*07) of oxide grains were digitized,
and the "°0/'*0O ratios (o ~4%) of individual grains were deter-
mined by image processing. Grains that deviated in duplicate
analyses by more than 3¢ from the solar '°0/'®0 ratio were
selected for high-mass-resolution analysis. The high mass-resolv-
ing power needed to separate '*OH™ ions from the 7O~ ions
precludes measurement of '*0/'’O ratios by ion imaging in our
instrument.

Ion imaging of ~6,000 grains yielded 53 candidates, the 'O/
80 and '*0/"70 ratios of which were subsequently measured at
high mass resolution. Of these grains, 20 corundum (Al,O3) and
1 spinel (MgAl,Q,) have a large range of anomalous (non-solar)
'%0/'®0 and '°0/'"0 ratios (Fig. 1 and Table 1). Nine of the
grains also have large Mg excesses, corresponding to initial
2Al/27Al ratios of between 1.2x107* and 7.8 x 107, much
higher than the maximim value of 5 x 107> observed in primitive
Solar System material (Fig. 2 and Table 1). All grains are 0.5-
2 pum in size. For purposes of discussion, the 24 interstellar oxide
grains found to date were divided into three groups on the basis
of their oxygen isotope compositions (Fig. 1 and Table 1). Note
that the range of oxygen isotope ratios usually observed in met-
eorites and terrestrial samples falls within the solar symbol in
Fig. 1.

Group 1 grains have significant enrichments in '’O and modest
depletions in '*0, similar to the isotopic compositions measured
in O-rich red giants'>'* (Table 1 and Fig. 1). These stars are
thought to produce 65-75% of all dust, or ~80-90% of O-rich
dust, in the Galaxy®®. Because of this similarity, Group 1 grains
probably formed in the atmospheres of red giants. The oxygen
isotope compositions of such stars have been successfully repro-
duced by theoretical models in terms of the so-called first dredge-
up, which occurs after exhaustion of H in the stellar core'” ',
In this process, material that has undergone partial core H-
burning via the CNO-cycle is mixed into the envelope. These
models predict that the first dredge-up significantly decreases
the envelope’s initial '*0/'’O ratio, the actual values depending
primarily on stellar mass'®'® (see Fig. 1). But the first dredge-
up has only a relatively small effect on the '°0/'®0 ratio (20—
50% increase), and larger differences in this ratio must be due
to differences in the initial isotopic compositions of different
stars'” (Fig. 1). Such differences are the result of Galactic chemi-
cal evolution, reflecting age differences of the stars and/or the
spread in chemical compositions observed in newly formed stars
within a given Galactic epoch'®. The range of the oxygen isotope
compositions observed in the Group 1 grains indicates that they
originated from several distinct stellar sources with different
masses as well as different initial compositions.

As red giant stars continue to evolve, they can undergo two
additional dredge-up episodes'’. The second dredge-up occurs
only in >5M,, stars at the beginning of the asymptotic giant
branch (AGB) phase, when He is exhausted in the star’s core.
The third dredge-up, which is experienced by all stars in the 1-
8M range, occurs during the thermally pulsing (TP) AGB
phase when H and He burn alternately in thin shells on top of
an inert core consisting now of C and O. These mixing episodes
are not expected to significantly change the oxygen isotope com-
position of the envelope, although some spectroscopic observa-
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FIG. 1 a, Comparison of the oxygen isotope compositions of 24 inter-
stellar oxide grains reported here and elsewhere®™ with those of red
giant stars">**??', The red giant stars in a have been divided into
three groups based on their spectral types and models of their
evolution'®. The oxide grains have also been divided into three groups
based on their oxygen isotope compositions. b, Diagram of the expected
oxgyen isotope compositions of red giant envelopes after the first and
second dredge-ups as a function of stellar mass and initial composition.
After core H-burning ceases, *"O-enriched H-burnt material from the
interior is mixed into the O-rich envelope of a red giant during two
dredge-up episodes'® (the second only in >5M,, stars). The curve shows
the predicted post-dredge-up ratios of stars with initially solar composi-
tions but different masses*®. The initial *°0/*’0 ratio influences the
final ratio only in (1-1.5)M,, stars"’. The *°0/*®0 ratio is only slightly
affected by these two dredge-ups®’. The range of *°0/*"0 and "°0/"%0
ratios amongst Group 1 grains suggests that they come from several
stars with different masses and different initial compositions. The initial
oxygen isotope compositions, reflecting Galactic evolution, probably
varied roughy as indicated (F. Timmes, personal communication). Sub-
sequently, during the thermally pulsing asymptotic giant branch (TP-
AGB) phase a third multiple dredge-up episode brings **C-rich He-burnt
material to the surface. As a result, (1-5)M stars will eventually
become carbon stars (C/0 > 1), but for (5-8)M,, stars, H-burning at the
base of the envelope (hot-bottom burning) is predicted to destroy *2C
and 20, thereby preventing formation of a carbon star’'. Note that
oxide grains may form even in carbon-star envelopes®”.

tions of TP-AGB stars suggest that their atmospheres have
higher '°0/'®0 and '°O/"’0O ratios than pre-TP-AGB
stars'*'*2?! (Fig. 1a).

The third dredge-up is expected to bring to the star’s surface
**Al that was produced by shell H-burning at much higher tem-
peratures than those reached during core H-burning”>**. Models
predict envelope *°Al/*’Al ratios in the range from 5x 107 to
1072, depending on stellar mass, mass loss rate and evolutionary
stage during the TP-AGB phase. Eight of the ten Group 1 grains
measured for Al-Mg have inferred initial **Al/*’Al ratios in this
range (Fig. 2). An alternative production mechanism for *°Al is
H-burning at the base of the convective envelope of TP-AGB

NATURE - VOL 370 - 11 AUGUST 1994

© 1994 Nature Publishing Group



LETTERS TO NATURE

TABLE 1 Isotopic compositions of 24 meteoritic interstellar oxide grains
Grain 70/%0 80,160 26Mg* /Mg 2TAl/?*Mg 26A1/27 Al Group
Solar 3.83x107* 2.01x1073
T1 5.01(39)x10°* 1.66(12)x 1073 <0.033 209 (32) <1.6x10°* 1
T2 6.6 (1.1)x107* 1.44 (27)x 1073 2.04 (19) 263 (65) 7.8(2.0)x107° 1
T7 5.05(22)x10~* 1.55(7)x 1073 0.369 (15) 139 (18) 2.65(37)x10°3 1
T9 2.63(5)x 1073 1.27(5)x 1073 0.586 (83) 1086 (98) 5.40 (90)x 107* 1
T10 1.11(3)x10 3 1.36(6)x107° <0.042 402 (37) <1.0x107* 1
T11 114 (5)x 1073 1.60 (10)x 103 NA NA NA 1
T14 1.47 (5)x 1073 1.57 (9)x 1073 , 0.163 (81) 1351 (271) 1.20(64)x10* 1
T18 1.19(8)x 1073 1.35(15)x 10" NA NA NA 1
T19 7.50(74)x107* 1.63 (19)x107° NA NA NA 1
T20 5.38 (16)x10™* 1.66(47)x10 ® 0.0303 (14) 41 (2) 7.34(46)x107* 1
M83-5 7.92(23)x107* 1.52(5)x 1072 1.96 (11) 2250 (109) 8.73(64)x 10 ¢ 1
Org-B 9.72(10)x 107" 1.99 (4)x 1073 1.61(3) 1840 (90) 87 (1)x10™* 1
B39 2.60(6)x107° 117 (4)x107° 0.2336 (104) 136 (14) 1.7(0.2)x10°° 1
Ti6 1.01(8)x 1073 6.21 (54)x107* NA NA NA 1/2
T17 9.12 (76)x 10 ¢ 4.30(89)x107* NA NA NA 1/2
T4 1.26 (11)x 1073 1.47 (85)x 107" 0.064 (13) 17.0(2.3) 3.77(91)x10 2 2
6 1.14(8)x107° 43(26)x107° 0.423 (57) 106 (186) 4.01(82)x107° 2
T12 1.36 (4)x10 3 1.50 (11)x10™* 0.969 (81) 135 (11) 7.19(83)x107? 2
T13 6.72 (24)x 10 * 1.41(10)x107* 10.4 (13) 5442 (707) 1.90(35)x 10 3 2
T3 2.92(29)x107* 1.98 (13)x107® <0.0048 8.2 (1) <6.0x107* 3
15 315(11)x107* 1.02(3)x107° <0.0099 47 (6) <21x107* 3
T8 1.92(51)x10 * 1.85(29)x 103 NA NA NA 3
T15 3.20(23)x107* 1.26(6)x107° NA NA NA 3
T21 3.25(17)x10°* 1.29(59)x 1073 <0.025 549 (33) <46x10°° 3
The (meteorite) source of the grains is shown in the first column; Tieschitz (T), Murchison (M)*, Orgueil (Org)>*® and Bishunpur (B)". The grains

have been divided into three groups on the basis of their oxygen isotopic compositions. °Mg* is the excess of *®Mg after correction for mass
fractionation, and 2°Al/?7Al is the initial ratio if all 2°Mg* results from the in situ decay of “°Al. All errors, in parenthesis, are 1o and upper limits
are 20. All grains were analysed by SEM-EDS (Scanning electron microscopy—energy dispersive spectroscopy) after oxygen isotope measurements
but before Mg-Al analysis in the ion probe. Al but grain T3 appear to be corundum (Al,03). The Al/Mg ratio of grain T3, measured by EDS, is about
twice that expected for pure spinel (MgAl,04) but much lower than those of the other grains. The ratio obtained in the subsequent ion-probe
analysis of T3 is even higher, suggesting that the grain may be an intergrowth of spinel and corundum. The oxygen isotope ratios are given with
%0 in the denominator because in the reverse case the errors are asymmetric and nonlinear.

24,25

stars of >5M (hot-bottom burning) . But during hot-
bottom burning the whole envelope is cycled through the high-
temperature H-burning zone, resulting in the destruction of
essentially all "*O (producing high '*O/'®0 ratios), in disagree-
ment with the oxygen isotope ratios observed in Group 1 grains.
The oxygen isotope and *°Al/?’Al ratios of these grains thus
indicate that at least eight of them come from TP-AGB stars,
and at least two from red giants before they reached the TP-
AGB phase. It is worth noting that whereas the oxygen isotopes
in red giant envelopes can be measured astronomically—albeit

Oxide Grains
:_ ® Group 1 (Tieschitz)
E O Group 1 (Orgueil,

10.0

Murchison & Bishunpur)
I 4 Group 2
| ® Group 3
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FIG. 2 Plot of the 2®Mg/**Mg ratio versus the *’Al/**Mg ratio in 17 pre-
solar oxide grains. The large *®Mg excesses, compared to solar Mg
isotopic ratios, are best explained as the result of in situ decay of 2°Al.
Also shown are Al-Mg evolution lines for five initial *°Al/>’Al ratios. The
2"Al/**Mg ratios in most of the Tieschitz corundum grains are not as
high as might be expected, possibly because of significant background
contributions from isotopically normal Mg to the Mg analysis. However,
these contributions do not affect the inferred 2°Al/*7Al ratios.
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with larger errors than those obtained in the grains—the deter-
mination of *Al/*"Al ratios in such stars is only possible from
the laboratory analysis of pre-solar grains.

Unlike grains in Group 1, neither Group 2 nor Group 3 grains
have spectroscopic counterparts and we must rely solely on com-
parisons with stellar evolution models to infer their likely
sources. Group 2 grains have '’O and *°Al enrichments, and '*O
depletions that are much larger than previously observed in any
meteoritic material or star. Two other grains, which lie on the
edge of the carbon-star field, have intermediate '*O depletions.
Relatively low-temperature hot-bottom burning could destroy
essentially all '*0 in an AGB envelope without significantly
changing the *°Al and '"O abundances already established by
the first, second and third dredge-ups'’. Also, such isotopic com-
positions are predicted to exist at the surface of massive mass-
losing stars which have shed their envelopes, exposing the H-
burnt interior (Wolf-Rayet stars during the Of-WN phases)™®
In any case, better modelling and more elemental and isotopic
data on Group 2 grains are necessary for distinguishing between
the two possible sources.

The Group 3 grains are moderately depleted in 'O relative
to the Solar System. They could conceivably have formed
around low-mass red giant stars that have experienced the first
dredge-up, provided that the initial '°O/"’O ratios of the stars
were higher than the measured grain values and, therefore, the
solar value. On the other hand, massive stars (>10 M ), which
contribute ~6-12% of all Galactic dust®®, produce large excesses
of '°0 and "®0 in certain shells”’ that could come to the surface as
the star loses mass or could be ejected in a supernova explosion.

'°0 enrichments and depletions with respect to the terrestrial
isotopic ratios are common in materials of Solar System origin®®;
in meteorites the enrichments can reach up to 7% in corundum
(Al,05) and spinel (MgAL,O4) from Ca-Al-rich inclusions®.
These enrichments prompted suggestions that '°O-rich grains,
probably corundum and spinel, from a supernova were incom-
pletely mixed into the Solar System™. We have not found any

445

© 1994 Nature Publishing Group



LETTERS TO NATURE

pre-solar grains with large '°0 enrichments. The Group 3 grains
are '°O-rich, but not with respect to both 'O and '"*0. The
discovery that 'O can undergo mass-independent gas-phase
chemical fractionation from both 'O and '*O has provided an
alternative explanation for the observed '°O enrichments in Solar
System material®®.

Finally, if the Si/Al ratio is assumed to be solar in all stars
and if all Al goes into corundum (Al,O3), interstellar corundum
appears to be underabundant in meteorites, relative to interstel-
lar SiC, by about a factor of between 20 and 50 (refs 4, 6, 10)

when compaerd to estimated Galactic dust production rates®®.
This is in spite of the fact that, in the solar nebula, corundum
should have been more stable than SiC. Possible explanations
are that interstellar corundum has a finer grain size distribution
than SiC and was thus not detected by our technique, that Al
primarily condenses in other phases (such as silicates) that are
less resistant to the chemical treatments used to isolate the grains
or, most speculatively, that corundum has a shorter lifetime in
the interstellar medium than SiC. O
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STRUCTURES possessing spatial asymmetry should act as pumps in
the presence of dissipation alone'™, without the need for macro-
scopic forces or temperature differences’ to drive vectorial motion.
It has been shown theoretically> %’ that particles subjected to an
asymmetric periodic potential can display net directional motion
even if the space-averaged force is zero. Here we demonstrate
such behaviour experimentally. We have studied the behaviour of
colloidal particles suspended in solution and exposed to a sawtooth
dielectric potential which is turned on and off periodically. The
particles exhibit net motion with a velocity that depends on their
size, suggesting applications in separation processes for objects in
the size range 0.1-5 pin—a range that includes biological struc-
tures such as viruses, cells and chromosomes®. We furthermore
point out the analogy between our device and motor protein
assemblies.

Consider an asymmetric potential U, applied periodically for
a period 1., and then switched off for a period 7.5 (Fig. 14).
At the end of an ‘on’ period, the particles are trapped in the
minima of the potential U,,, so that the concentration of parti-
cles is peaked around the corresponding positions (Fig. 1B).
During the following ‘off” period the particles diffuse freely so
that the concentration at the end of this ‘off” period is a set of
gaussian curves centred around the same points (Fig. 1C). Turn-
ing the potential on again will induce ‘downhill’ motion of parti-
cles (Fig. 14). The result of this off-on cycle is that the particles
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corresponding to the hatched areas move to the right, whereas
essentially none move to the left. In a more general picture a
proportion P(m) would make an m-step progression, with
P(m) > P(—m) owing to the asymmetry. The result is to achieve
macroscopic drift in a single direction.

In our experiments, colloidal particles were confined between
two glass slides and subjected to a spatially asymmetric and
periodic a.c. electric field E, which was successively turned on
and off. The field was generated by interdigitated electrode depo-
sited on one of the glass slides with standard photolithographic
techniques (Innovations Couches Minces Co., Le Coudray
Montceaux, France), the shape of which provided the necessary
asymmetry (Fig. 2). The ‘Christmas tree’ design was chosen in
such a way that the dielectric energy profile (—3AaE?; where
Aa is the polarizability of the particle relative to the suspending
solution) along a line between two adjacent electrodes, was simi-
lar to that in Fig. 1, with a 50-um period. The neck width
between two adjacent electrodes was 5 um, giving fields as high
as 2x 10* Vem™ ' for applied voltages of just 10 V.

Experiments were performed on functionalized polystyrene
latex spheres of diameter 0.25 um, 0.4 um (fluorescent particles
provided by Molecular Probes, Eugene, Oregon) and 1 pm (pro-
vided by Interchim, Montlugon, France). The particles were
suspended solution (tris (tris(hydroxymethyl)aminomethane)
44.5 mM, boric acid 44.5 mM, EDTA (ethylenediaminetetraa-
cetic acid) 1.2 mM, in water), promoting substantial dissociation
of the carboxylate groups at their surface. These conditions were
prefered to ‘pure’ water both because of the easy control of the
solution, and its wide use in biological systems. Electrodes were
not protected by a passivation layer, and in order to avoid elec-
trolysis a.c. voltages with frequencies higher than 500 Hz were
applied. The particle diameters were measured by light-scattering
techniques and found to be within 10% of the specifications;
their diffusion constants were measured from direct observation
of the brownian motion between glass slides, and found to agree
with the Stokes-Einstein formula within 15% (diffusion close to
the walls is discussed in a preprint by L. Faucheux and A. Libch-
aber, NEC Research Institute, Princeton NJ). Their dielectro-
phoretic response was also studied independently, and revealed
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