
active X chromosome, was shown to be reacti-
vated after transfer into an enucleated oocyte,
but then became preferentially inactivated in
extraembryonic tissues. In light of the results we
present here, these findings are consistent with
the idea that the presence of a transcribing Xist
gene, whether paternally inherited or of somatic
cell origin, is likely to be the only “imprint”
required to trigger the chromatin modifications
and epigenetic marks that lead to preferential X
inactivation in the cleavage stage embryo.
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Extinct Technetium in Silicon Carbide

Stardust Grains: Implications for
Stellar Nucleosynthesis

Michael R. Savina,1* Andrew M. Davis,2,3 C. Emil Tripa,1,2

Michael J. Pellin,1 Roberto Gallino,4 Roy S. Lewis,2

Sachiko Amari5

The isotopic composition of ruthenium (Ru) in individual presolar silicon carbide
(SiC) stardust grains bears the signature of s-process nucleosynthesis in as-
ymptotic giant branch stars, plus an anomaly in 99Ru that is explained by the
in situ decay of technetium isotope 99Tc in the grains. This finding, coupled with
the observation of Tc spectral lines in certain stars, shows that the majority of
presolar SiC grains come from low-mass asymptotic giant branch stars, and that
the amount of 99Tc produced in such stars is insufficient to have left a de-
tectable 99Ru anomaly in early solar system materials.

Presolar grains, remnants of stars that lived
and died before the solar system formed, have
much to teach us about stellar evolution and
nucleosynthesis. Most of the grains initially

present in the protosolar nebula were melted
or vaporized when the solar system formed,
and were transformed into new mineral phas-
es with isotopic compositions representing an
average over all the material present. Some
grains, however, accreted into protoplanetary
bodies that did not experience substantial
heating, survived low-temperature aqueous
alteration in those bodies, and are found to-
day in primitive meteorites (1, 2). Each of
these presolar grains carries an isotopic
record of the initial composition and nuclear
processing in its parent star. Silicon carbide
grains are the best studied because of their

relatively large size (up to several microme-
ters) and relatively high abundance (up to a
few tens of ppm in primitive meteorites) (3).
Their heavy element concentrations are high
enough (up to a few tens of ppm) (4) to
permit isotopic analysis of trace elements in
individual grains. The majority (�90%) of
SiC grains were produced in late stellar out-
flows of low mass (�1.5 to 3 MJ, where MJ

is the mass of the Sun) asymptotic giant
branch (AGB) stars (5). In AGB stars, ele-
ments heavier than Fe are synthesized quies-
cently by slow neutron capture (the s-pro-
cess), while in massive stars (�10 MJ) heavy
elements are synthesized under explosive con-
ditions by rapid neutron capture (the r-process)
or by proton capture/photodisintegration reac-
tions (the p-process) (6). The isotopic compo-
sitions of Zr (7), Mo (8), Sr (9), and Ba (10) in
mainstream SiC grains show the s-process sig-
natures predicted by models of nucleosynthesis
in carbon-rich low-mass AGB stars from which
SiC can condense (11).

The pioneering observation of Tc (half-life
T1/2 � 2.1 � 105 years) in the spectra of certain
red giants (later recognized as AGB stars) by
Merrill more than 50 years ago (12) proved that
s-process nucleosynthesis is ongoing in those
stars. Technetium has since been detected in a
large proportion of MS, S, and C stars (red
giants at various stages of evolution along the
AGB) (13, 14). 99Tc lies along the s-process
path (Fig. 1) and is the only abundant Tc iso-
tope produced in low-mass AGB stars. The
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99Tc/99Ru decay couple has been investigated
as a means of discovering the time scales of
early solar system processes such as planetary
differentiation and the injection of s-process
material into the protosolar nebula. However,
studies of the Ru/Tc isotopic composition in
nonpresolar meteoritic materials have found
very small (generally less than 1 part per
10,000) deviations, or none at all, relative to
average solar system material (15–18). In con-
trast, presolar grains present an opportunity to
study Ru in materials in which isotopic anom-
alies should be large [per mil (‰) in the hun-
dreds], because the grains are unaffected by
mixing processes in the protosolar nebula.

The s-process in AGB stars produces Ru
and Tc isotopes with a distinct isotopic signa-
ture. Because the half-life of 99Tc is compara-
ble to the period over which the star is nucleo-
synthetically active, live 99Tc should be present
in the stellar winds from which SiC grains
condense. Daughters of other now-extinct
short-lived nuclides have been detected in
presolar grains. For example, 26Al (T1/2 �
7.1 � 105 years) gives rise to excess 26Mg in
presolar SiC (19). Conversely, the nondetection
of excess 135Ba, the daughter of s-process 135Cs
(T1/2 � 6.3 � 106 years), has been attributed to
the high volatility of Cs preventing its conden-
sation in SiC grains (11). Therefore, the study
of Ru isotopes in grains provides a test of stellar
nucleosynthesis models and a baseline for fu-
ture searches for extinct 99Tc in solar system
materials.

Forty grains isolated from the Murchison
meteorite (fraction KJG, mount CHRL108,
average grain size 3 �m) (20) were analyzed
by resonant ionization mass spectrometry
(21, 22). Isobaric interferences believed to be
due to the major isotopomers of Si3C com-
promised the data for the p-process isotopes
96Ru and 98Ru in most grains, but the remain-
ing Ru isotopes were free of interferences.
Twenty-one of the 40 grains had detectable
amounts of Ru. Among these 21 grains, 19
had the distinctive s-process Ru isotopic
composition (table S1), whereas two had r-
process enhancements and are thus not main-
stream SiC. Of the 19 grains with s-process
Ru, two were known from previous C, N, and

Si isotopic analysis to be mainstream SiC.
The r- and p-process contributions found

in solar system Ru are low in these grains.
Normalized to the s-process–only 100Ru, the
p-process isotopes 96Ru and 98Ru and the
r-process isotope 104Ru show strong deple-
tions, whereas smaller depletions are seen in
the partially s-process isotopes 99Ru, 101Ru,
and 102Ru (Fig. 2). This is the s-process
signature expected from low-mass AGB stars
and results from the strong production of
100Ru relative to the lesser production and
even slight consumption (�2% for 96Ru and
98Ru) of the other isotopes.

A low-mass AGB star is composed of an
inert carbon-oxygen core and a H-rich enve-
lope, separated by a He-rich intershell. A tiny
region enriched in 13C (the 13C pocket) forms
in the top layers of the intershell and provides a
steady low-flux neutron exposure via the
13C(�,n)16O reaction. Hydrogen burning at the
base of the envelope normally powers the star;
however, thermal pulses caused by periodic
quasi-explosive He-burning induces mixing of
a small amount of He intershell material into
the convective envelope in so-called third
dredge-up (TDU) episodes. A low-mass star
undergoes a few tens of thermal pulses as the
star evolves, and material dredged up from the
He intershell enriches the envelope in 12C and
s-process products. Late in the AGB phase,
when the envelope C/O ratio exceeds 1, graph-
ite and carbides such as SiC condense as strong
stellar winds remove matter from the envelope.
The star loses mass from the envelope at an
increasing rate until finally ejecting the remain-
der of its envelope after the last thermal pulse,
which terminates the AGB phase and leaves
behind a nascent white dwarf.

Nucleosynthesis models for AGB stars
were computed using the FRANEC stellar
evolution code and the Torino s-process post-
processing code (11, 23). Models were com-
puted for 1.5 MJ and 3 MJ stars, but there
was no significant difference in the Ru pre-
dictions and we discuss only the 1.5 MJ

models here. The models assume initially
solar metallicity and isotopic composition,
although a range of metallicities was ex-
plored. The amount of 13C in the He inter-

shell is a free parameter. The “standard case”
has a 13C pocket that, for stars with half of the
solar metallicity, reproduces the main s-pro-
cess component in the solar system (i.e., s-
process nuclei from Zr to Pb) (24). Models
were computed for eight 13C pocket sizes.
The smallest pocket had almost no 13C,
whereas the largest had twice the amount of
the standard case. Larger pockets are implau-
sible because ingesting more protons into the
intershell only drives proton capture on 13C
to produce 14N. The 1.5 MJ model experienc-
es 17 TDU episodes and has C/O � 1 for the
last nine thermal pulses. Uncertainties in the
model predictions due to the choice of neu-
tron capture cross sections were calculated by
varying the cross sections for 99Ru, 101Ru,
102Ru, and 99Tc within the error limits of the
measurements (25).

The measured and predicted values for
101Ru agree, whereas the measured 99Ru and
102Ru deviate from the predictions (Fig. 3). In

Fig. 1. Chart of the nuclides in
the Ru region. Percent abun-
dances (nonitalic) are shown for
each stable isotope; laboratory
half-lives (italic) are shown for
each unstable isotope. The main
s-process path is shown as bold
arrows, and branches along the
s-path are shown as finer ar-
rows; 99Tc decay that occurs in
the envelope after TDU is shown
as a dashed arrowtail. Unstable
nuclei are outlined in dashed
lines; s-process–only isotopes
are outlined in bold. 96Ru and 98Ru are p-process isotopes; 100Ru is an s-process–only isotope (it is shielded from the r-process by stable 100Mo); 104Ru
is an r-process isotope; and 99Ru,101Ru, and 102Ru are produced by both the r- and s-processes.

Fig. 2. Ru isotopic pattern of a known main-
stream SiC grain (CHRL108 326-3) showing the
large deviations from terrestrial Ru characteristic
of the s-process. The grain data were indexed to
the s-only isotope 100Ru and normalized to the
isotopic composition measured in a Ru single
crystal standard according to �xRu (‰) �
1000 � [(xRu/100Ru)grain / (xRu/100Ru)standard – 1]
(i.e., parts per thousand deviation from solar
system Ru). Although many grains have isobaric
interferences at 96Ru and 98Ru, this grain appar-
ently does not, so the full pattern is shown. The
error bars are 2�.
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the case of 102Ru (Fig. 3C), the discrepancy is
within the range allowed by the present uncer-
tainties in the neutron capture cross sections,
but the measured �99Ru values (Fig. 3A) lie
outside the uncertainties in predictions. If, how-
ever, we assume that live 99Tc condensed into
the grains at the same Tc/Ru ratio as in the
envelopes of the parent stars (�1/3), the data
and predictions agree.

Linear fits to the grain data, weighted by the
uncertainties in the � values, represent mixing
lines between the initial stellar composition (the
“N-component”) and an s-process composition
(the “G-component”). In our model, the G-
component corresponds to the average isotopic
composition of all the Ru produced in the He
intershell and dredged up into the envelope over
the history of the AGB phase of the star. The
regressions were constrained to pass through
solar composition and represent mixing lines
between a solar N-component [(�104Ru,
�xRu) 	 (0, 0)] and the calculated G-compo-
nent at �104Ru � –987‰ (26). Measured and
calculated G-components for 101Ru and 102Ru
agree at the 2� level when uncertainties in the
neutron capture cross sections are taken into
account (Table 1).

Presolar grain data such as these can be
used to better constrain neutron capture cross
sections (27). Our model reproduces the mea-
sured 102Ru G-component if the 102Ru neu-

tron capture cross section is decreased by
10% (present 2� uncertainty � 12%). The
same is true if the 100Ru cross section is
increased by 5% (2� uncertainty � 12%)
while the 102Ru cross section is decreased by
5%. Neither of these scenarios affects the
G-components of the other isotopes by
amounts measurable by our technique.

For 99Ru, we observe a G-component
84‰ higher than the calculated one and far
outside the 2� limits. The calculated 99Ru
G-component is robust given the uncertain-
ties in the cross sections of 99Tc (2� � 6%)
and 100Ru; the value varies by only 17‰
when these uncertainties are taken into ac-
count. The 99Ru G-component obtained by
summing the 99Tc and 99Ru produced in the
model, which is the value we expect if SiC
grains condense with the Ru/Tc ratio of the
envelope and Tc subsequently decays to Ru,
is consistent with our measured value.

Even at the temperatures reached in the 13C
pocket, the half-life of 99Tc is long compared to
the few tens of thousands of years between
TDU episodes (28). Therefore, 99Tc behaves
like a stable s-process isotope while the 13C
pocket is active. In contrast, 99Ru behaves like
the p-isotopes 96Ru and 98Ru; all of the 99Ru
that passes through the 13C pocket (�2% of the
initial amount in the star) is consumed by neu-
tron capture. Therefore, all of the 99Ru pro-

duced by AGB stars is radiogenic from 99Tc.
Some 99Tc decays in the stellar envelope, but
some survives the AGB phase. The mass 99
budget in newly formed grains therefore com-
prises residual unprocessed 99Ru, daughter
99Ru from 99Tc decay in the stellar envelope,
and live 99Tc. It is this last material that we
detect as excess �99Ru relative to the model
prediction.

The calculated 50% condensation temper-
atures of Tc and Ru in metallic solid solution
are within 20 K of each other under condi-
tions appropriate for the protosolar nebula
(29). However, Ru and Tc condensed into
SiC in the circumstellar envelopes of AGB
stars, either as carbides or as metal grains that
were later trapped in SiC. X-ray fluorescence
studies show that the Ru/Mo ratio in presolar
SiC grains matches the predictions for 1.5 MJ

and 3 MJ stars at the end of the AGB stage
(30). Molybdenum is believed to condense as
a carbide, so it seems likely that Ru and Tc
condense as carbides also. These elements are
refractory enough that they either condense
before SiC or in solid solution in the first few
percent of SiC condensation. Thus, we expect
that Tc should condense into mainstream SiC
grains at a Tc/Ru ratio matching that of the
stellar envelope, which is consistent with our
measurements.

Small deviations in the bulk Ru isotopic
composition of differentiated meteorites
could be interpreted as evidence of live 99Tc
in the early solar system if one assumes
mixing of freshly minted AGB material with
the protosolar nebula just before (and perhaps
triggering) its collapse. Our measurements of
the amount of 99Tc produced in AGB stars
confirm that even under the assumption that
the mixing and collapse were instantaneous,
99Ru deviations due to in situ 99Tc decay in
meteoritic materials would be less than about
3 parts per 100,000 (31), which is comparable
to the precision limit of current measure-
ments (17, 18). The likelihood of finding

Fig. 3. (A) �99Ru, (B) �101Ru, and (C) �102Ru versus �104Ru comparing
presolar SiC grain data (solid circles) with predictions for 1.5 MJ AGB
stars (open circles). Uncertainties on the measured points are 2�.
Model predictions for each 13C pocket are plotted only for conditions
under which SiC can condense (i.e., when the C/O ratio in the

stellar envelope is �1). Predicted points lie near the origin for small
13C pockets and become increasingly negative as the 13C pockets
increase in size. The �99Ru plot (A) also shows the values predicted by
including in situ decay of 99Tc in grains, assuming a Tc:Ru condensa-
tion ratio of 1:1 (triangles).

Table 1. Comparison of Ru G-components in SiC mainstream grains with those predicted for 1.5 MJ AGB
stars. Uncertainties are 2�. For the grain data, uncertainties are determined by counting statistics and
scatter about the regression lines (32); the uncertainties in the calculations are determined by uncer-
tainties in the neutron capture cross sections.

Isotope

Deviation from solar value (‰)

Measured
G-component

Calculated
G-component

Calculated
99Ru 
 99Tc
G-component

99Ru –755 � 11 –839 � 17 –734 � 30
101Ru –825 � 10 –839 � 14
102Ru –495 � 13 –554 � 55
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evidence for live 99Tc in the early solar sys-
tem is therefore small.
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Elastic Torque and the Levitation
of Metal Wires by a Nematic

Liquid Crystal
C. Lapointe, A. Hultgren, D. M. Silevitch,
E. J. Felton, D. H. Reich, R. L. Leheny

Anisotropic particles suspended in a nematic liquid crystal disturb the alignment
of the liquid crystal molecules and experience small forces that depend on the
particles’ orientation. We have measured these forces using magnetic nano-
wires. The torque on a wire and its orientation-dependent repulsion from a flat
surface are quantitatively consistent with theoretical predictions based on the
elastic properties of the liquid crystal. These forces can also be used to ma-
nipulate submicrometer-scale particles. We show that controlled spatial vari-
ations in the liquid crystal’s alignment convert the torque on a wire to a
translational force that levitates the wire to a specified height.

Complex fluids are soft materials that have
liquid-like properties but differ from ordinary
liquids because of internal structure on the
nanometer or micrometer scale. The classic
example of a complex fluid is a polymer
solution containing long chain-like molecules
whose presence alters the flow behavior.
Complex fluids are ubiquitous; they occur,
for example, in living organisms and in many
important technologies. When particles are
suspended in a complex fluid, effects from
entropy, interfacial phenomena, or other
sources can generate forces on the particles
that are not present in ordinary liquids (1).
Understanding and controlling these forces
are important scientific challenges. For ex-
ample, the emergent technique of microrhe-
ology uses the motion of small particles in a
complex fluid to uncover characteristics of
the fluid at length scales and time scales that
are inaccessible to bulk probes (2). The rela-
tions between the forces that give rise to this
motion and the intrinsic properties of the
fluid are key to interpreting microrheology
experiments. Alternatively, the forces im-
posed on particles in a complex fluid can be
used to manipulate the particles and arrange
them into unique and useful structures (3–6).

Nematic liquid crystals are complex flu-
ids possessing anisotropy that introduces
both forces and torques on suspended par-
ticles (7–17 ). A nematic is composed of
rod-like molecules and is characterized by
an alignment of the long axes of the mole-
cules along a particular direction. At an
interface between a nematic and a surface,
interactions between the surface and the
liquid crystal molecules can create an en-
ergetically preferred orientation for the
nematic alignment. For surfaces that are not
flat, such as those of particles suspended in
the nematic, these preferences can distort

the otherwise uniform alignment, with a
corresponding cost to the nematic’s elastic
energy. The tendency to minimize this en-
ergy can lead to forces on the particles. For
example, recent studies on spherical parti-
cles that orient the nematic perpendicular to
their surface have shown that the resulting
distortions mediate interactions between
the particles (7–12). However, few probes
exist that can directly access such forces.
Hence, despite their significance, few ge-
ometries exist for which quantitative infor-
mation about them has been extracted (8,
12, 18), and the exploitation of these forces
for manipulating particles remains largely
unexplored. We have developed methods to
manipulate anisotropic particles in nematic
liquid crystals. The particles’ shape intro-
duces orientational degrees of freedom that
lead to fluid-imposed forces and torques,
which we have measured quantitatively.
Specifically, by balancing the fluid-
imposed forces on magnetic nanowires
with either applied magnetic fields or grav-
ity, we have determined the elastic torque
on a wire and have measured a repulsion
between a wire and a flat surface that is
mediated by the nematic. As a demonstra-
tion of how these interactions can be con-
trolled, we showed that a spatial variation
in the nematic’s alignment converts the
torque into a translational force that can
levitate a wire to a desired height.

In our experiments, isolated, highly cylin-
drical nickel wires 175 nm in radius (19)
were contained in the room-temperature
nematic liquid crystal pentylcyanobiphenol
(5CB). The wire lengths ranged from 14 to 35
�m. The 5CB with nanowires was held be-
tween parallel glass plates, which were sep-
arated by 100 �m. The plates were coated
with rubbed polyimide to create a uniform
orientation for the nematic alignment parallel
to the plates. Typically, one specifies the
local alignment direction for a nematic by a

Department of Physics and Astronomy, Johns Hopkins
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