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in dopamine-depleted animals and an increased
entrainment of spikes to low-frequency compo-
nents of the LFPs. Such synchronous activity in-
terferes with normal information processing in
these circuits and should likely be considered
pathogenic in PD (/2). Our data show that DCS
effectively abolishes aberrant synchronous low-
frequency oscillations. It is, therefore, tempting to
speculate that the suppression of low-frequency
oscillations is particularly important for ameliora-
tion of motor symptoms in PD (31).

Finally, the combined effect of L-dopa and
DCS allowed for recovery of motor function at
significantly lower doses of L-dopa in severely
dopamine-depleted animals. The considerably less
invasive nature of the epidural DCS electrode
compared with DBS electrodes suggests that DCS
could be a complement for treatment of symptoms
of PD in earlier stages of the disease. We therefore
propose that DCS should be investigated further in
extensive experiments employing primate models
of PD, preferably over longer time periods, to eval-
uate the potential viability of this new procedure as
a treatment for Parkinsonian patients.

References and Notes
1. S. Fahn, Ann. N.Y. Acad. Sci. 991, 1 (2003).
2. A. Carlsson, Acta Neurol. Scand. Suppl. 51, 11 (1972).
3. 0. Hornykiewicz, Amino Acids 23, 65 (2002).
4. K. M. Shaw, A. ]. Lees, G. M. Stern, Q. J. Med. 49, 283 (1980).

5. A. L. Benabid, Curr. Opin. Neurobiol. 13, 696 (2003).
6. ]. S. Perlmutter, ]. W. Mink, Annu. Rev. Neurosci. 29, 229
(2006).
7. P. Plaha, Y. Ben-Shlomo, N. K. Patel, S. S. Gill, Brain
129, 1732 (2006).
8. E. E. Fanselow, A. P. Reid, M. A. Nicolelis, J. Neurosci. 20,
8160 (2000).
9. C. M. DeGiorgio, A. Shewmon, D. Murray, T. Whitehurst,
Epilepsia 47, 1213 (2006).
10. M. S. George et al., Biol. Psychiatry 47, 287 (2000).
11. P. Brown et al., ]. Neurosci. 21, 1033 (2001).
12. C. Hammond, H. Bergman, P. Brown, Trends Neurosci.
30, 357 (2007).
13. R. M. Costa et al., Neuron 52, 359 (2006).
14. T. D. Sotnikova et al., PLoS Biol. 3, 271 (2005).
15. D. J. Brooks, P. Piccini, Biol. Psychiatry 59, 908
(2006).
16. K. G. Lloyd, L. Davidson, O. Hornykiewicz, J. Pharmacol.
Exp. Ther. 195, 453 (1975).
17. X. Drouot et al., Neuron 44, 769 (2004).
18. K. Sakai, D. M. Gash, Brain Res. 633, 144 (1994).
19. Materials and methods are available as supporting
material on Science Online.
20. M. A. Cendi, I. Q. Whishaw, T. Schallert, Nat. Rev.
Neurosci. 3, 574 (2002).
21. C. Winkler, D. Kirik, A. Bjorklund, M. A. Cenci, Neurobiol.
Dis. 10, 165 (2002).
22. |. Schlesinger, I. Erikh, D. Yarnitsky, Mov. Disord. 22,
2394 (2007).
23. M. Glickstein, ]. Stein, Trends Neurosci. 14, 480
(1991).
24. P. D. Wall, Brain 93, 505 (1970).
25. S. Grillner, P. Wallen, K. Saitoh, A. Kozlov, B. Robertson,
Brain Res. Brain Res. Rev. 57, 2 (2008).
26. S. M. Brudzynski, M. Wu, G. ]. Mogenson, Can. ]. Physiol.
Pharmacol. 71, 394 (1993).

27. M. R. Delong, Trends Neurosci. 13, 281 (1990).

28. Y. Smith, D. V. Raju, ]. F. Pare, M. Sidibe, Trends
Neurosci. 27, 520 (2004).

29. C. . Wilson, Neuron 45, 575 (2005).

30. ]. D. Berke, M. Okatan, J. Skurski, H. B. Eichenbaum,
Neuron 43, 883 (2004).

31. A. A. Kuhn et al., Brain 127, 735 (2004).

32. We thank W. M. Chan, G. Lehew, and ]. Meloy for
outstanding technical assistance; R. Gainetdinov, S.-C. Lin,
H. Zhang, and K. Dzirasa for valuable comments; and
S. Halkiotis for proofreading the manuscript. This work
was supported by the National Institute of Neurological
Disorders and Stroke (NINDS) R33NS049534 and the
International Neuroscience Network Foundation to
M.A.LN., ROINS019576 and ROIMH073853 to M.G.C.,
Ruth K. Broad Postdoctoral Award to R.F., and NRC and
Knut and Alice Wallenberg Foundation to P.P. The
content is solely the responsibility of the authors and
does not necessarily represent the official views of the
NINDS or the National Institutes of Health. M.A.L.N.
dedicates this paper to Lily Safra for her continuing
support and to the memory of his grandfather, Angelo
Nicolelis, who suffered from Parkinson’s disease. M.A.L.N.
acknowledges a visiting professorship, Chaire Blaise
Pascal, from the Région Ile de France at the Ecole
Supérieure de Physique et de Chimie Industrielles, Paris.

Supporting Online Material
www.sciencemag.org/cgi/content/full/323/5921/1578/DC1
Materials and Methods

Figs. S1 to S9

Movie S1

References

20 August 2008; accepted 10 December 2008
10.1126/science.1164901

1582

Alfvén Waves in the
Lower Solar Atmosphere

David B. Jess,*>* Mihalis Mathioudakis,* Robert Erdélyi,® Philip ]. Crockett,*

Francis P. Keenan,® Damian ]. Christian®

The flow of energy through the solar atmosphere and the heating of the Sun’s outer regions are
still not understood. Here, we report the detection of oscillatory phenomena associated with a large
bright-point group that is 430,000 square kilometers in area and located near the solar disk
center. Wavelet analysis reveals full-width half-maximum oscillations with periodicities ranging
from 126 to 700 seconds originating above the bright point and significance levels exceeding
99%. These oscillations, 2.6 kilometers per second in amplitude, are coupled with chromospheric
line-of-sight Doppler velocities with an average blue shift of 23 kilometers per second. A lack

of cospatial intensity oscillations and transversal displacements rules out the presence of
magneto-acoustic wave modes. The oscillations are a signature of Alfvén waves produced by a
torsional twist of +22 degrees. A phase shift of 180 degrees across the diameter of the bright point
suggests that these torsional Alfvén oscillations are induced globally throughout the entire
brightening. The energy flux associated with this wave mode is sufficient to heat the solar corona.

olar observations from both ground-based
and spaceborne facilities show that a wide
range of magneto-acoustic waves (/, 2) prop-
agate throughout the solar atmosphere. However,
the energy they carry to the outer solar atmosphere
is not sufficient to heat it (3). Alfvén waves (pure
magnetic waves), which are incompressible and
can penetrate through the stratified solar atmosphere
without being reflected (4), are the most promising

wave mechanism to explain the heating of the
Sun’s outer regions.

However, it has been suggested that their pre-
vious detection in the solar corona (5) and upper
chromosphere (6) is inconsistent with magneto-
hydrodynamic (MHD) wave theory (7, ). These
observations are best interpreted as a guided-kink
magneto-acoustic mode, whereby the observa-
tional signatures are usually swaying, transversal,

periodic motions of the magnetic flux tubes
(7, 9). Numerical simulations (/0) show that sub-
surface acoustic drivers and fast magneto-sonic
kink waves (/1, 12) can convert energy into up-
wardly propagating Alfvén waves, which are
emitted from the solar surface. These numerical
simulations are also in agreement with current
analytical studies. In particular, it has been shown
that footpoint motions in an axially symmetric
system can excite torsional Alfvén waves (13).
Other Alfvén wave modes may exist, although
these are normally coupled to magneto-sonic MHD
waves (/4). In the solar atmosphere, magnetic
field lines clump into tight bundles, forming flux
tubes. Alfvén waves in flux tubes could manifest
as torsional oscillations (7) that create simulta-
neous blue and red shifts, leading to the non-
thermal broadening of any isolated line profile,
and should thus be observed as full-width half-
maximum (FWHM) oscillations (/5). A promis-
ing location for the detection of Alfvén waves is
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in the lower solar atmosphere, where they can be
generated by the overshooting of convective mo-
tions in the photosphere (/6). Here, we report the
detection of substantially blue-shifted plasma and
FWHM oscillations originating in a large con-
glomeration of magnetic bright points.

We used the Swedish Solar Telescope (SST) to
image a 68-by-68—arc sec region on the solar sur-
face positioned near the disk center. Using the Solar
Optical Universal Polarimeter (SOUP) (/7) and
high-order adaptive optics (/8), we obtained narrow-
band images across the Ho. absorption profile cen-
tered at 6562.8 A. We observed with a cadence of
0.03 s to obtain 89 min of uninterrupted data. Be-
cause SOUP is tunable, we sampled the complete
Hao line profile using seven discrete steps. The wave-
length intervals we chose became increasingly nar-
row toward the line core in order to enable an

Fig. 1. Simultaneous
images in the (left) Ha 30
continuum (photosphere)
and (right) Ho: core (chro-
mosphere) obtained with
the SST. The conglom-
eration of bright points 10
within the region we in-
vestigated is denoted by
a square of dashed lines.
The scale is in helio-
centric coordinates where
1 arc sec =~ 725 km.
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Fig. 2. A wavelength-versus-time plot of the Ha
profile showing the variation of line width at
FWHM as a function of time. The arrows indicate
the positions of maximum amplitude of a 420-s
periodicity associated with the bright-point
group located at (-10 arc sec, 10 arc sec) in
Fig. 1. The torsional motion of the Alfvénic
perturbations creates nonthermal broadening
that is visible in the Ha line profile. The peak-
to-peak velocity is ~3.0 km s~ (=65 mA). For
an inclination angle of 35°, the absolute velocity
amplitude is =~2.6 km s,

www.sciencemag.org

accurate determination of the line characteristics,
such as Doppler velocities, FWHMs, and inten-
sities. Our images have a sampling of 0.068 arc sec
per pixel, which corresponds to ~110-km resolution
(two pixels) on the solar surface.

By using the multi-object multi-frame blind de-
convolution (MOMFBD) (/9) image restoration
technique to remove the small-scale atmospheric
distortions present in the data, we achieved an ef-
fective cadence of 63 s for a full line profile. We
acquired 85 complete scans across the Ho line pro-
file in addition to 595 simultaneous continuum im-
ages. For each of the 85 profile scans, every pixel
of the 1024-by-1024—pixel® charge-coupled device
contains information acquired at a particular wave-
length position. Therefore, we obtained a total of
8.9 x 107 individual Ha absorption profiles, cov-
ering the full 68-by-68-arc sec field of view, dur-
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ing the 89-min duration of the data set. We fit a
Gaussian distribution to each of the observed Ha
profiles to obtain values for the integrated inten-
sity and FWHM. To determine the line-of-sight
velocity, we compared each measured central wave-
length position with the rest-frame Ha profile core
at 6562.8 A. We created time series for intensity,
line-of-sight velocity, FWHM, and wavelength-
integrated data cubes and used fast Fourier trans-
form and wavelet routines to analyze them.

The SST field of view shows a range of features,
including pores, exploding granules, and a multitude
of bright points (Fig. 1), a large conglomeration of
which is located at heliocentric coordinates (—10 arc
sec, 10 arc sec) or NO7EO1 in the solar north-south—
east-west coordinate system. We selected a 10-by-
10-arc sec box surrounding the bright-point group
(BPG), which occupies an area of 430,000 km?, for

-10 o] 10 20 30
X (arcsecs)
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further investigation. The line-of-sight Doppler ve-
locities associated with this BPG show blue shifts
with an average value of 23 km s '. There is no
evidence of periodic trends in either intensity or line-
of-sight velocity; the intensity of the BPG is constant,
with minimal variation during its 53-min lifetime.
Wavelet analysis shows that FWHM oscilla-
tions with significance levels exceeding 99% occur
within the spatially averaged BPG (Fig. 2). We
detected FWHM oscillations as low as the Nyquist
period (126 s) throughout the duration of the data
set, with the strongest detected power originating in
the 400-to-500-s interval. These oscillations are lo-
cated directly above the large BPG, encompassing a

Fig. 3. Expanding mag-
netic flux tube sandwiched
between photospheric and
chromospheric intensity
images obtained with the
SST, undergoing a torsion-
al Alfvénic perturbation
and generating a wave
that propagates longitu-
dinally in the vertical di-
rection. At a given position
along the flux tube, the
Alfvénic displacements are
torsional oscillations that
remain perpendicular to
the direction of propaga-
tion and magnetic field
outlining constant mag-
netic surfaces. The largest
FWHM will be produced
when the torsional veloc-
ity is at its maximum (at

near-circular shape that is cospatial with the de-
tected Doppler velocities, and are apparent in all
FWHM time series. This shows that powerful co-
herent periodicities are present throughout the
surface of the BPG. We detected oscillations until
the BPG fragmented into a series of smaller bright
points after 3150 s.

Numerical simulations based on three-
dimensional magnetoconvection show that the
bright points that were observed in the wing of
the Ha line profile correspond to magnetic field
concentrations measured in kilogauss in the pho-
tosphere (20). The canopy structure seen in the Ho
core images reveals a wealth of flux-tube structures,

zero displacement from the equilibrium position). The figure is not to scale.
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Fig. 4. Average phase difference of FWHM oscillations plotted as a function of distance across the diameter
of the bright point. The triangles denote the locations where a measurement is made, and the error bars
indicate the phase variance in the temporal domain. The phase at 0 km is used as a reference, with all other
phases plotted relative to this value. Spatial coherence of FWHM oscillations across the BPG ranges between
90 and 100%, suggesting that the BPG is acting as a coherent waveguide. The phase difference increases
around the midpoint of the BPG with opposite sides of the waveguide, indicating out-of-phase oscillatory
phenomena, which is as predicted for a torsional Alfvénic perturbation.

with many securing anchor positions in the photo-
sphere directly above the BPG (Fig. 1). The coinci-
dence of bright-point structures with high magnetic
field concentrations implies that MHD waves are
likely to be present (27). However, the chromo-
spheric brightening is of much larger physical size
than the underlying photospheric BPG. Because the
observations were made very close to the center of
the solar disk, an increase in physical size between
the photosphere and the chromosphere can be inter-
preted as an expansion of the photospheric flux-
tube bundle as a function of atmospheric height
(22). A comparison of the maximum diameter of
the bright point at each height in the atmosphere
suggests an expansion of ~1300 km; a height sepa-
ration of ~1000 km and a symmetric expansion
around the bright-point center suggest a flux-tube
expansion angle of ~33°. Additionally, an offset of
~700 km between the centres of the BPG at photo-
spheric and chromospheric heights suggests a mag-
netic flux-tube tilt angle of ~35° from the vertical.

Alfvénic fluxes are predicted to be at their
strongest in the regime of high magnetic field
strength and moderately inclined waveguides (10).
Because of their incompressibility, they exhibit no
periodic intensity perturbations. Thus, the observa-
tional signature of a torsional Alfvén wave propagat-
ing with a velocity component along the observer’s
line of sight will arise from its torsional velocities
on small spatial scales (8). These torsional veloci-
ties are responsible for the FWHM oscillations we
observed (Fig. 3). The line-of-sight velocity ampli-
tude of ~1.5 km s ! and the inclination angle of
~35° indicate an absolute Alfvénic perturbation
amplitude of ~2.6 km s '. Because the circumfer-
ence of the photospheric bright point [where
torsional Alfvén waves are believed to be generated
(16)] is on the order of 2800 km (55 pixels), a
torsional twist of +22° is sufficient to generate the
observed wave motion.

The moderate inclination angle of the flux tubes,
coupled with the detection of substantially blue-
shifted material and strong FWHM oscillations, is
evidence of the presence of torsional Alfvén waves.
For a typical photospheric interal waveguide elec-
tron density (23) of e = 10'® cm ™ and a magnetic
field strength (20) of 1000 G, the Alfvén speed
within a cylindrical flux tube is estimated (/4) to be
~22 km's '. This value is above the speed of sound
in the upper photosphere/lower chromosphere
(24) and is consistent with the blue-shift velocity
we determined.

We took a slice through the center of the bright
point and analyzed the stability of opposite edges
of the BPG as a function of time. This was per-
formed by examining any displacements of the
BPG from its initial position at the start of the ob-
serving sequence (fig. S1). The bright point moves
less than one pixel during the first 3150 s. As the
BPG begins to fragment after 3150 s, the motions
of the bright-point edges increase substantially.
However, we did not find periodic motions of the
bright point, particularly during the initial 3150 s
when the FWHM oscillations were detected. A
magneto-acoustic wave mode would produce ob-
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servable periodicities in intensity, similar to those
caused by the periodic contractions when viewed
along the flux tube, that are associated with sausage-
mode waves (25). A sausage-mode wave is caused
by the axially symmetric expansion and contraction
of magnetic flux tubes (/4). Kink-mode oscillations
are generated through a bulk motion, whereby the
whole flux tube is displaced from its original po-
sition in a periodic fashion. Therefore, magneto-
acoustic waves cannot explain our observations.

A torsional Alfvénic perturbation should pro-
duce a FWHM oscillation that is 180° out of phase
at opposite boundaries of the waveguide (8).
The relative time-averaged oscillatory phase as a
function of distance across the ~2200-km diam-
eter of the bright point shows that opposite sides of
the bright point display oscillatory phenomena
that are indeed 180° out of phase (Fig. 4). This
is consistent with current torsional Alfvénic wave
models (26).

We estimated the energy flux of the observed
waves using £ = pv* v, where p is the mass density
of the flux-tube, v is the observed velocity ampli-
tude, and v, is the Alfvén speed (6). For a mass
density of p = 1 x 10°® kg m >, derived from a
quiet-Sun chromospheric model (23), the energy
flux in the chromosphere is £ =~ 15000 W m 2. At
any one time, it is estimated (27) that at least 1.6%
of the solar surface is covered by BPGs similar to
that presented here. Thus, combining the energy
carried by similar BPGs over the entire solar sur-
face produces a global average of 240 W m 2.
Alfvén waves with an energy flux of 100 W m 2
are believed to be vigorous enough to heat the lo-
calized corona or to launch the solar wind when
their energy is thermalized (6, 28). Therefore, a trans-

mission coefficient of =42% through the thin tran-
sition region will provide sufficient energy to heat
the entire corona. Regions containing highly mag-
netic structures, such as bright points, should pos-
sess even higher mass densities (29). In this regime,
the energy flux available to heat the corona will
be substantially higher than the minimum value
required to sustain localized heating.
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The Disorder-Free Non-BCS
Superconductor Cs3Cg Emerges from an
Antiferromagnetic Insulator Parent State

Yasuhiro Takabayashi,'* Alexey Y. Ganin,?* Peter Jegli¢,® Denis Aréon,>*
Takumi Takano,’ Yoshihiro Iwasa,® Yasuo Ohishi,® Masaki Takata,%’
Nao Takeshita,® Kosmas Prassides,’t Matthew ]. RosseinskyZT

The body-centered cubic A15-structured cesium fulleride Cs3Cq is not superconducting at
ambient pressure and is free from disorder, unlike the well-studied face-centered cubic A3C¢q alkali
metal fulleride superconductors. We found that in Cs3Cgo, where the molecular valences are
precisely assigned, the superconducting state at 38 kelvin emerges directly from a localized
electron antiferromagnetic insulating state with the application of pressure. This transition
maintains the threefold degeneracy of the active orbitals in both competing electronic states;

it is thus a purely electronic transition to a superconducting state, with a dependence of the
transition temperature on pressure-induced changes of anion packing density that is not
explicable by Bardeen-Cooper-Schrieffer (BCS) theory.

uperconductivity requires an attractive in-
teraction between electrons to form Cooper
pairs, which form a condensate that can
move without electrical resistance. In simple
metals and alloys, the Bardeen-Cooper-Schrieffer

(BCS) theory explains how electron-phonon cou-
pling overcomes the repulsion between negatively
charged electrons (7). In high-temperature super-
conductors, such as the copper oxides and iron
oxyarsenides, the origin of the attraction is less

clear. Beyond the theoretical challenges, the exper-
iments are complicated by imperfections within
the materials, such as structural disorder, low sym-
metry and dimensionality, and variations in chem-
ical valence at the electronically active sites. Here
we show that in the cubic alkali metal fulleride
Cs3Cg, which is completely ordered and for
which precise valences can be assigned, the 38 K
superconducting state (2) emerges directly from a
localized electron antiferromagnetic insulating (AFI)
state with the application of pressure as the anion
packing density increases. This transition maintains
the threefold degeneracy of the active orbitals in
both competing electronic states, and is thus a pure-
ly electronic transition to a superconducting state.
The transition temperature 7, depends on the anion
packing density in a way that is not explicable
within a simple BCS approach.

In systems where the bands in which the
electrons move are narrow, there are electron-
electron correlation energies associated with inter-
electron repulsion, which are comparable to the
electronic bandwidth. These electron correlation
effects (3) need to be taken into account in under-
standing the mechanisms for formation of the
Cooper pairs (4). These concepts have been de-
veloped primarily in d-electron-based systems

www.sciencemag.org SCIENCE VOL 323 20 MARCH 2009

Downloaded from www.sciencemag.org on March 20, 2009

1585


http://www.sciencemag.org

