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Evidence for Alfvén Waves
in Solar X-ray Jets
J. W. Cirtain,1,2* L. Golub,1 L. Lundquist,1 A. van Ballegooijen,1 A. Savcheva,1 M. Shimojo,3
E. DeLuca,1 S. Tsuneta,4 T. Sakao,5 K. Reeves,1 M. Weber,1 R. Kano,4 N. Narukage,5 K. Shibasaki3

Coronal magnetic fields are dynamic, and field lines may misalign, reassemble, and release energy by
means of magnetic reconnection. Giant releases may generate solar flares and coronal mass ejections
and, on a smaller scale, produce x-ray jets. Hinode observations of polar coronal holes reveal that
x-ray jets have two distinct velocities: one near the Alfvén speed (~800 kilometers per second) and
another near the sound speed (200 kilometers per second). Many more jets were seen than have been
reported previously; we detected an average of 10 events per hour up to these speeds, whereas previous
observations documented only a handful per day with lower average speeds of 200 kilometers per
second. The x-ray jets are about 2 × 103 to 2 × 104 kilometers wide and 1 × 105 kilometers long and
last from 100 to 2500 seconds. The large number of events, coupled with the high velocities of the
apparent outflows, indicates that the jets may contribute to the high-speed solar wind.

The solar corona provides an opportunity to
study the interactions of high-temperature
electrically conducting gas, plasma, and

a dynamic magnetic field. The constant emer-
gence and cancellation of the magnetic field
create a multitude of energetic changes in mag-
netic topology that can inject enormous amounts
of energy into the plasma. It is thought that mag-
netic reconnection is involved in releasing ener-
gy to produce solar flares and coronal mass
ejections (CMEs). X-ray jets, in which a burst of
hot plasma is driven into the solar corona along
an open magnetic field line, are thought to be a
different manifestation of the reconnection pro-
cess. It appears as though at least some fraction
of these outflows has sufficient kinetic energy to
leave the corona and propagate into the inner
heliosphere.

Two types of outflows are possible during
the post–magnetic reconnection phase of a jet.
In the first case, an outflow at the local sound
speed (vc), resulting from energy deposition that
rapidly heats the dense chromospheric plasma,
expands into the overlying low-pressure corona.
The sound speed is governed by the equation

vc ¼ ð2gkT
1=2

mp
Þ1=2 ð1Þ

Here, T is the temperature at the location of energy
deposition, k is the Boltzmann constant, g is the
ratio of specific heat capacities, andmp is the proton
mass. The average temperature of jets and the related
footpoint flares is 6 million K (1, 2), a temperature
estimate consistent with our observations, which
also show that the loop density in the coronal hole

before the jet is 3 × 108 cm−3. The initial velocity
of the conduction front would be 400 km s−1.

The second case is when plasma is accel-
erated by the formation of an Alfvén wave dur-
ing the relaxation of the magnetic field, and the
plasma is forced to flow out along the field at
about the Alfvén speed, va, given by

va ¼ B0=
ffiffiffiffiffiffiffiffi
4pr

p
ð2Þ

where B0 is the magnetic field strength, and r is
the mass density. Assuming that the magnetic
field is of the order of 10 gauss, the Alfvén ve-
locity of the plasma before the subsequent evap-
oration should be ~ 1000 km s−1.

These observations of coronal jets provide
useful insight into the formation of hot, collimated,
high-velocity outflows, which are likely a large-
scale contributor to the mass loading of the fast
solar wind. The first models for the existence of
the solar wind were provided by Parker and
Chapman (3, 4). Previous work (5–9) has sug-
gested that Alfvén waves may play an important
role in driving the solar wind. Using observations
from the NASA mission Ulysses, Wang (10)
found that the fast solar wind originated from the
polar coronal holes and was nearly continuously
present, but there was no direct evidence for the
mechanism producing the fast wind.

1Harvard-Smithsonian Center for Astrophysics, 60 Garden
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Center, National Aeronautics and Space Administration
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4National Astronomical Observatory of Japan (NAOJ),
Mitaka, Tokyo 181–8588, Japan. 5Institute of Space and
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Agency (JAXA), Sagamihara, Kanagawa 229–8510, Japan.
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X-ray jets have been identified in polar coronal
holes, in “quiet” Sun, and from within active
regions (1, 2, 10–14). Shibata et al. (2) found that
the jets were a transient x-ray source with essen-
tially collimated motion outward along the coro-
nal magnetic field from the initiation site. The
observed outflow velocity in these studies was
typically 200 to 600 km s–1. These jets were
reported to have lengths of 1 × 105 to 10 × 105 km
and collimated widths of 1 × 104 km. Other ob-
servations of polar jets by means of instruments
such as the High-Resolution Telescope and Spec-
trograph (HRTS) (13, 14) have reported that ex-
treme ultraviolet jets, so-called chromospheric jets,
do not have physical characteristics similar to the
x-ray jets reported by Shibata and others or to the
x-ray jets studied in this report. The relationship

between the lower-temperature jets (observedwith
emission lines formed near 1.0 × 104 K) and x-ray
jets (formed above 2.0 × 106 K) remains unclear.

Hinode (formerly Solar-B) is in polar orbit
about Earth, following the day-night terminator
and thus providing nearly continuous observations
of the Sun. Here we report Hinode X-ray Tel-
escope (XRT) observations of polar coronal hole
jets and show that at least some jets have two
velocity components.According to current theories
of magnetic reconnection, an Alfvén wave should
be generated by the reconnectedmagnetic field line
as it proceeds from a highly curved geometry to a
relaxed configuration. This Alfvén wave could
drive plasma along the field at speeds of 600 to
1000 km s−1, depending on the local plasma den-
sity and field strength. We have observed several

such outflow (radial) velocities for some large jets.
The energy released by reconnection will subse-
quently heat the plasma, which expands into the
corona at vc. We have also observed this com-
ponent of the process and can clearly differentiate
it from the high-speed component.

XRT collected >9000 images during 10 dif-
ferent 6- to 8-hour continuous observations [Figs.
1 and 2, supporting online material (SOM) text,
and SOM movies S1 and S2]. Both north and
south polar coronal holes were studied. XRT
images had a 1024-by-512 arc second field-of-
view (7.68 × 105 by 3.84 × 105 km), with one
image taken every 30 s. The observed jets are
typically 2 × 103 to 2 × 104 km wide and greater
than 1 × 105 km long.

We define the axis of a jet to be a line be-
ginning at the initiation site of the jet and ex-
tending in the outflow direction. We determined
the x-ray intensity along this line from many
sequential images. This measure of intensity along
the jet axis is plotted as a column and shows the
x-ray intensity variation along the jet axis at one
instant in time. By “stacking” these columns
from sequential images along the x axis of the
plot, a representation of the intensity variation in
distance and time is created (Fig. 3A). The slope
of an intensity front in this type of plot determines
the velocity of the outflowing plasma.

Using this technique, we examined four jets in
detail. There are multiple velocity components for
each of the jets. One component of the jet velocity
is consistent with the previously reported spatio-
temporal average velocity of ≈ 200 km s−1 (1).
However, a much higher velocity is also observed,
roughly ~ 800 km s−1 at the start of each event.We
interpret this as evidence formaterial being ejected
at va during the relaxation of the magnetic field

Fig. 2. Hinode XRT false-color im-
ages of three stages of a jet’s evo-
lution (movie S1).
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Fig. 1. Hinode XRT false-color image of the north polar coronal hole. A typical jet is seen in the center
of this image (movie S2).
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after reconnection. We have also found that this
high-speed mass flow sometimes occurs multiple
times per jet; presumably, there is an Alfvén wave
generated during each burst of reconnection.

Alfvén waves are created when the magnetic
field is subjected to transversemotions. In the low-
b corona, this occurs during reconnection. These
transverse motions could be observed in jets as the
plasma is constrained to move with the magnetic
field. Previous observations with instruments from
the Transition Region and Coronal Explorer,
Yohkoh, and other missions lacked the imaging
cadence and dynamic range to capture these oscil-
lations. We have observed such transverse oscil-
lations for jets (movie S1) using the Hinode XRT.
These oscillations have a period of about 200 s
and a peak-to-peak magnitude of 8000 km. These
observations of the transverse motion of the jet rel-
ative to the jet outflowdirection are further evidence
for Alfvén wave creation during reconnection.

We also found that the frequency of jet for-
mation is at least an order of magnitude greater
than that which has been previously reported
(10–12). These previous studies found only a few
events per day, primarily resulting from reduced
cadence and longer exposures. Our Hinode XRT
observations indicate an average of 10 jet events
per hour during 100 hours of observations (movie
S2). We found that jets frequently occur from the
same x-ray bright points or from bright points that
formed extremely close to the locations of previ-
ous jet-initiation sites, whereas other jets occur
from transient x-ray bright points. The x-ray jets in
our observations have lifetimes ranging from 100
to 1500 s,much longer than the typical 10- to 100-s
lifetimes of the chromospheric jets (13, 14). The
histogram in Fig. 3B shows the distribution of jet
lifetimes for 100 events observed during the study.
No correlation is yet available regarding the loca-
tion of the bright points, jet formation, and dis-
tance from the coronal hole boundary.

Given the increased number of jets observed,
we have performed a simple calculation of the

impact on the mass loading to the fast solar wind.
Each event has an averagemp loss of 1 × 10

37. For
both north and south polar coronal holes, XRT
recorded, on average, 10 jets per hour. This
produces a net flux of 1 × 1012 protons m−2 s−1 at
1 astronomical unit. Current estimates of the
average solar wind flux are only a factor of 10
more than the value of this jet mass-loading
contribution (5, 10).

XRT has shown that there is a similarity be-
tween these small-scale eruptive events (jets)
and the flares/CMEs from active regions, in the
sense that both phenomena may involve topo-
logical changes to the coronal magnetic field via
reconnection, thus providing the energy for both
heating and accelerating coronal plasma. This
correspondence between events that differ in
energy by three to four orders of magnitude may

serve as a prototype for the formation of other
astrophysical jets, where the energy released is
many orders of magnitude greater still.
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The determination of the fine thermal structure of the solar corona is fundamental to constraining
the coronal heating mechanisms. The Hinode X-ray Telescope collected images of the solar corona
in different passbands, thus providing temperature diagnostics through energy ratios. By
combining different filters to optimize the signal-to-noise ratio, we observed a coronal active
region in five filters, revealing a highly thermally structured corona: very fine structures in the core
of the region and on a larger scale further away. We observed continuous thermal distribution
along the coronal loops, as well as entangled structures, and variations of thermal structuring
along the line of sight.

The solar corona is highly structured by
the solar magnetic field and is extremely
hot (≥106 K). It is widely accepted that

the origin of the heating of the hot plasma con-

fined in the closed coronal structures (named
loops) lies in the magnetic field (1). The deter-
mination of the fine thermal structure of the
corona is crucial to solving the origin of the
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Fig. 3. (A) A time-distance plot for the jet shown in Fig. 2. (B) Histogram showing the distribution
in lifetimes for 100 jets.
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