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The Origins of Hot Plasma in the

Solar Corona
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]. Martinez-Sykora,™ C. J. Schrijver,* A. M. Title®

The Sun's outer atmosphere, or corona, is heated to millions of degrees, considerably hotter

than its surface or photosphere. Explanations for this enigma typically invoke the deposition in

the corona of nonthermal energy generated by magnetoconvection. However, the coronal

heating mechanism remains unknown. We used observations from the Solar Dynamics Observatory and
the Hinode solar physics mission to reveal a ubiquitous coronal mass supply in which chromospheric
plasma in fountainlike jets or spicules is accelerated upward into the corona, with much of the
plasma heated to temperatures between ~0.02 and 0.1 million kelvin (MK) and a small but sufficient
fraction to temperatures above 1 MK. These observations provide constraints on the coronal heating
mechanism(s) and highlight the importance of the interface region between photosphere and corona.

wide variety of theoretical models to
Aexplain the heating of the solar corona

have been proposed since the discovery
in the corona of emission from ions that are formed
at temperatures of several million kelvin (MK)
(). These models range from energy deposition
through the damping of magnetohydrodynamic
waves, to nanoflares (2) that arise when the mag-
netic field is stressed (via reconnection) (3). Despite
decades of effort to determine which mechanism
dominates, the lack of detailed observations of
the fundamental heating process has hampered
progress. Instead, most efforts have focused on
statistical approaches that study the dependence
of the heating mechanism on magnetic field
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strength, loop length, or plasma density (4), or
that are based on assumptions about unresolved
individual heating events (5).

Spicules are phenomena that have held par-
ticular promise as discrete coronal heating events
(6, 7). The chromospheric mass flux that these
jets propel to coronal heights is estimated to be
two orders of magnitude larger than the mass flux
of the solar wind (8). Although they have been
observed in a variety of chromospheric and tran-
sition region (TR) lines (9, 10), a coronal counter-
part has not been observed. As a result, a role for
spicules in coronal heating has been dismissed as
unlikely (8). On the other hand, recent observa-
tions have revealed a new type of spicule that is
shorter-lived (~100 s) and more dynamic (~50 to
100 km/s) than its classical counterpart (10, 11).
Recently, a spatiotemporal correlation between
chromospheric brightness changes, suggestively
linked to these “type II” spicules, and coronal
upflows of 50 to 100 km/s, deduced from spectral
line asymmetries of coronal lines at the footpoints
of loops, was found (72). This statistical relation-

..:

ship suggests that the chromospheric jets may
play a substantial role in providing the corona
with hot plasma, but a detailed one-to-one cor-
relation between spicules and their coronal coun-
terparts has remained elusive (10, 11, 13).

We exploited the recent detection of the disk
counterpart of type II spicules: rapid blueshifted
events (RBEs), which are observed in chromo-
spheric lines such as Ha 6563 A (14, 15). Ob-
servations suggest evidence for acceleration and
heating along their long axis before they rapidly
fade out of the chromospheric passbands, which
may indicate heating to TR temperatures (15).
We used coordinated observations of RBEs in the
blue wing of Ho (~0.868 A or—41 km/s) with the
Narrowband Filter Imager of the Solar Optical
Telescope (SOT) (/7) onboard the Hinode solar
physics mission (/6), and found direct evidence
of a strong correlation of RBEs with short-lived
brightenings in a wide range of TR and coronal
passbands observed with the Atmospheric Imaging
Assembly (AIA) onboard the recently launched
Solar Dynamics Observatory (SDO). Using an
automated detection code, we found 2434 RBEs
occurring in the active-region plage footpoints of
coronal loops during a 1-hour-long time series
(18) on 25 April 2010 (Fig. 1 and fig. S1).

RBEs form rapidly and often recur in the
same position (Fig. 2). They become visible as an
absorbing feature in the upper chromospheric Ho
line that is blueshifted by 40 to 60 km/s along the
line of sight (/8). A little bit later, brightenings
occur in the vicinity of the leading edge of the
RBE in the He 11 304 A, Fe IX 171 A, and Fe
XIV 211 A AIA passbands (Fig. 2). These pass-
bands are dominated by lines from ions that are
formed at temperatures of 0.1, 0.8, and 2 MK,
respectively (/8). The extreme ultraviolet emis-
sion moves at velocities similar to those of the
leading end of the RBE, although the emission in
He 11304 A (and sometimes Fe IX 171 A) often,
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sometimes with a short delay, fills in along the
whole length of the RBE, usually after the RBE
disappears out of the chromospheric passband
(movies S2 to S7). Space-time plots show that the
apparent velocity of the chromospheric, TR, and
coronal signals is similar, with typical velocities
on the order of 50 to 100 km/s (Fig. 2 and fig. S2).

The location of the hot plasma with respect to
the chromospheric RBE varies substantially as a
function of temperature 7, with a clear displace-
ment of the hottest emission toward locations
ahead of the leading edge of the RBE (in a
vertical geometry this would be “upward from
the RBE”). The hotter Fe XIV emission often
occurs over a larger spatial range than the other
TR and coronal lines, usually protruding ahead
of the RBE for a few megameters (Mm) (fig. S2

SDO/AIA Fe XIV 211A 2010-04-25 01:55:42
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Fig. 1. The chromosphere, TR, and corona of the active region studied on
25 April 2010 (see fig. S1 and movies S1 to S3). (Upper panel) A com-
posite layering with He 11 304 A (red, 0.1 MK), Fe XIV 211 A (green, 2 MK),
and Fe IX 171 A (blue, 0.8 MK) images from AIA. (Bottom row) RBEs in
Ho —0.868 A (lower left) throughout the SOT field of view (white/black
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SDO/AIA He Il 304A

and movies S4 and S5). This may be caused by
the effects of thermal conduction, which is much
more efficient at Fe XIV temperatures, given its
temperature dependence (T>). Thermal conduc-
tion is clearly not the only cause for the “upward”
extension of the coronal emission associated with
RBES: The presence of strong line-of-sight Doppler
velocities in the chromosphere, and the com-
patible apparent velocities of the coronal bright-
enings moving along with the RBEs, show that
the apparent motion of the coronal brightenings is
associated with strong mass flows on the order of
50 to 100 km/s. This is confirmed by the presence
(in regions with RBE activity) of blueward asym-
metries (/8) in the Si VII 275 A spectral line
profiles from the Extreme Ultraviolet Imaging
Spectrometer (EIS) (/9) onboard Hinode (Fig. 1).

SDO/AIA Fe IX 171A
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m
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SDO/AIA Fe XIV 211A

Such asymmetries have been linked to a faint
secondary component of strongly upflowing (50
to 100 km/s) coronal plasma (12, 20).

The heating of plasma to coronal temper-
atures in association with spicules is ubiquitous:
We find evidence for a similar process in active
regions, in the quiet Sun, and in coronal holes
(figs. S3 to S5). In particular, chromospheric
spicules (observed with Hinode’s SOT in Ca Il H
3968 A) at the limb in coronal holes are inti-
mately linked to the formation of features at TR
and coronal temperatures (Fig. 3). The spicules
show strong apparent upward motions on the or-
der of 50 100 km/s before rapidly fading out of
the chromospheric passband (movies S8 and S9).
Using coaligned AIA images, we find that the
fading of chromospheric spicules is directly linked

Hinode/EIS Si VII 275A
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dashed lines in other panels), and AIA images for the region of interest
(solid black line in top panel). (Right column) Si VIl 275 A EIS spectral
raster (outlined by dotted line in top left panel) taken a few hours before
with intensity (top), Doppler shift (middle), and blueward asymmetries at
velocities of 80 to 120 km/s (bottom).
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Fig. 2. Typical dynamic and thermal evolution of a succession of RBEs. ~ panels, top to bottom) Space-time plots along the axis of the RBE
(Left panels, top to bottom) The temporal evolution of Ho. —0.868 A,  (dotted white lines) for the same passbands, with a dashed guideline to
He Il 304 A intensity, and the running time-difference time series illustrate speeds of 70 km/s. See fig. S2 for another example and movies
(18) (32 s) for He Il 304 A, Fe IX 171 A, and Fe XIV 211 A. (Right S2 to S7.

Fig. 3. Typical dynamic and thermal evolution 1441 168l 1921 2161 2401 2641
of type Il spicules at the coronal hole limb on
27 April 2010. The top panels show, from top to
bottom, the temporal evolution of a succession
of type Il spicules visible as jetlike featuresin Ca ll
H 3968 A and He Il 304 A, and as absorbing
features at the bottom and streaklike bright-
enings at the spicule tops in Fe IX 171 A. Space-
time plots along the line connecting the black
and white short lines (at top and bottom of top
panels) for the intensity (lower left panels; for the
171 A panel, the time average has been
subtracted) and the running time difference
(40 s, lower right panels) show rapid upflows and
fading at heights below 15 Mm (marked by
crosses in the lower panels) for Ca Il, followed by
parabolic paths up to heights of 20 to 25 Mm
for He 1l 304 A and upward-propagating dis-
turbances in Fe IX 171 A (visible in running ) ) X [Mm
time-difference panels). A detailed, annotated CallH 3968A____He Il 304A

description of the sequence of events in this
figure is available as movie S8. See also figs. S4
and S5 and movie S9.
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to the formation of spicular features in He II
304 A (~0.1 MK). These TR spicules appear with
a time delay of around 10 to 20 s, reach much
larger heights (~10 to 20 Mm), and typically fall
back to the surface within a matter of several
minutes, following a parabolic path (Fig. 3 and
fig. S5). Despite the enormous line-of-sight su-
perposition at the limb, we often also observe a
coronal counterpart of chromospheric/TR spic-
ules (Fig. 3 and fig. S5) in the Fe IX 171 A
images. At the bottom, this takes the form of a
dark feature that corresponds to the bright Ca Il H
feature (movie S8), likely from continuum ab-
sorption from neutral hydrogen and helium (27).
During the later stages, the dark feature disap-
pears (likely because heating reduces the amount
of neutral hydrogen and helium), and bright cor-
onal counterparts propagate upward into the cor-
onal hole with similar velocities as the apparent
motions of the chromospheric spicules (fig. S5).
These coronal counterparts appear to be related to
the propagating disturbances in coronal holes that
have previously been interpreted as waves (22)
and more recently linked to upflows (23, 24).
Our observations support a scenario in which
chromospheric plasma is propelled upward with
speeds of ~50 to 100 km/s, with the bulk of the
mass rapidly heated to TR temperatures (~0.02 to
0.1 MK), after which it returns to the surface
(invisible to chromospheric passbands). Directly
associated with these jets, plasma is heated to
coronal temperatures of at least 1 to 2 MK, at the
bottom during the initial stages, and both along
and toward the top of the chromospheric feature
later on. The coronal counterparts of the jets are
seen to rapidly propagate upward, likely as a
result of strong upflows and/or thermal conduc-
tion or waves. Based on the ubiquity of these
events and the observed coronal intensities, we
estimate that these events carry a mass flux den-
sity of 1.5 x 10 g/em?/s and an energy flux
density of ~2 x 10° erg/em?/s into the corona
(25). This is of the order that is required to sustain

the energy lost from the active-region corona (26).
Given the conservative nature of our estimate,
these events are likely to play a substantial role in
the coronal energy balance.

Although early models have implicated the
heating of chromospheric spicules in the coronal
heating problem (6), the detailed thermal and
spatiotemporal evolution we observed is not com-
patible with any of the well-established models
for coronal heating: None of those predict such
strong upflows (driven from below) at chromo-
spheric temperatures (2, 27). These models typ-
ically assume energy deposition in the corona,
which leads to heating and evaporation of plasma
from the chromospheric mass reservoir, driven
by thermal conduction from above. Recent ad-
vanced numerical models do predict heating rates
per particle that reach their maximum in the up-
per chromosphere (28, 29), which is compatible
with our observations. Some analytical models
also suggest that dissipation of current sheets
resulting from the shuffling of ubiquitous mixed-
polarity fields on small scales can provide cor-
onal heating at low heights (30). However, there
are currently no models for what drives and heats
the observed jets (37). These first detailed obser-
vations of individual coronal heating events high-
light the importance of the chromosphere and
magnetohydrodynamic/plasma physics approaches
for a better understanding of heating in the solar
atmosphere.
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Universal Quantum Viscosity in a

Unitary Fermi Gas

C. Cao,* E. Elliott," J. Joseph,* H. Wu," ]. Petricka,? T. Schifer,? ]. E. Thomas™*

A Fermi gas of atoms with resonant interactions is predicted to obey universal hydrodynamics,

in which the shear viscosity and other transport coefficients are universal functions of the density and
temperature. At low temperatures, the viscosity has a universal quantum scale A n, where n is the
density and £ is Planck’s constant h divided by 2r, whereas at high temperatures the natural scale is
prIR?, where py is the thermal momentum. We used breathing mode damping to measure the

shear viscosity at low temperature. At high temperature 7, we used anisotropic expansion of the cloud to

find the viscosity, which exhibits precise 72

scaling. In both experiments, universal hydrodynamic

equations including friction and heating were used to extract the viscosity. We estimate the ratio of the
shear viscosity to the entropy density and compare it with that of a perfect fluid.

Itracold, strongly interacting Fermi gases
l l are of broad interest because they pro-

vide a tunable tabletop paradigm for

7 JANUARY 2011

strongly interacting systems, ranging from high-
temperature superconductors to nuclear matter.
First observed in 2002, quantum degenerate, strong-

VOL 331

ly interacting Fermi gases are being widely
studied (/—4). To obtain strong interactions (char-
acterized by a divergent s-wave scattering length),
a bias magnetic field is used to tune the gas to a
broad collisional (Feshbach) resonance, for which
the range of the collision potential is small com-
pared with the interparticle spacing. In this so-
called unitary regime, the properties of the gas are
universal functions of the density » and temper-
ature 7. The universal behavior of the equilibrium
thermodynamic properties has been studied in de-
tail (5—17), whereas the measurement of universal
transport coefficients presents new challenges.
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