Evidence for Alf\én Waves in Solar Polar Jets
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Data collected on X-ray jets during a polar coronal hole obsevation campaign
has revealed that some events have two distinct velocity cqronents, one near
the Alfvén speed & 800 km sec') and the other near the sound speed (200
km sec!). Previous reports indicate the incidence of jet formationto be only
a few per day, with average radial speeds of 200 km set. With the X-Ray
Telescope (XRT) we detect an average of 10 events per hour. e jets are
approximately 2 x 10° — 2 x 10* km wide and than 1 x 10° km long. The
jet lifetimes range from 100 - 2500 secs. A large percentagd these jets are
associated with small footpoint flares(1). The large number of events, cou-
pled with the high velocities of the apparent outflows, indiate that these jets
may contribute significantly to the high-speed solar wind fom coronal holes.
These observations provide unique and important evidenceof the genera-
tion of Alfv én waves during reconnection and are possibly the first evidese of

Alfv én wave observations driving the high speed solar wind.



Introduction

Ubiquitous throughout the universe, plasmas are oftenrhagnetized and highly dynamic. It
has proven quite difficult to simulate these environmeritiseein the laboratory or numerically,
so we must rely on observations to guide theory in understgrithis state of matter. Only
two astronomical cases exist close enough to earth to pebsérvations with sufficient detail
to provide a stringent test of theories. The earth’s magpétere can be measured with in-
situ instruments capable of determining density, tempegaiparticle velocity, magnetic field
properties, etc. The solar atmosphere can be observed frace ¥ia remote sensing, and we
find that it differs markedly from the earth’s magnetosphdreparticular, the plasma is hot,
and the magnetic field is predominantly multi-polar andafale, with magnetic field constantly
being generated from within the solar convective envelapkeamerging to the solar surface.

The solar corona provides a rare opportunity to study theraations of high temperature
plasmas and a dynamic magnetic field. The constant emergeniceancellation of magnetic
fields creates a multitude of energetic changes in magradmagy that can inject enormous
amounts of energy into the plasma. It is fairly well-acceptieat magnetic reconnection is
involved in the subsequent energy release processes wioduge solar flares and coronal
mass ejections. X-ray jets are thought to be small-scalgiores of these phenonmena. An
X-ray jet is a burst of hot plasma that is ejected from the songa(presumably) open magnetic
field lines.

After the launch of the Yohkoh satellite, x-ray jets werernitiged using images collected
by the Soft X-ray Telescope (SX2) on Yohkoh (Solar-A3). Many articles have reported the
occurance of jets in polar coronal holes, quiet sun and frothinvactive regionsi, 4, 5). In
particular, Shibata et al6) found that the jets were a transient x-ray source with gsgrcol-

limated motion radially outward from the initiation siteh&@ observed outfow velocity reported



in these studies was typically 200 - 600 km séc These jets were reported to have lengths of
1 -10x10° km and collimated widths of Ztkm.

Hinode (formerly Solar-B,7) was successfully launched on 23 September 2006 from the
JAXA Uchinora Space Center. It was positioned into a polé&itpfollowing the day-night
terminator thus providing nearly continuous observatiohthe sun. The X-Ray Telescope
(XRT; 8, 9) is one of the three instruments on Hinode, and is a next génarversion of the
SXT. With 2” on-axis resolution (1” pixels) and a 33’ field okw, the XRT is capable of taking
a full sun full-resolution image every 12 seconds (4 Mpikeiage). There are ten focal plane
filters, nine x-ray and a 430.5 nm passband.

Here we report the first XRT observations of polar coronakhets. Although this is not a
new observation in its own right, the increased capalslioieXRT have revealed that these jets
occur in far greater number than previously known and theyt Have two velocity components.
According to current theories of magnetic reconnectiorAlinén wave should be generated by
the reconnected magnetic field line as it proceeds from ayhghved geometry to a relaxed
configuration. This Alfén wave could drive plasma along at speeds of 600-1000 km!sec
depending on the local plasma density. We have observedassueh outflow (radial) veloci-
ties for some large jets. The energy released by the recbaneall subsequently produce hot
plasma which flows into the corona at the sound speed. We Hesereed this component of

the process and can clearly differentiate it from the higeesi component.

Observations of Coronal Jets and Alf¥n Waves

SOHO campaign 7197, entitled Polar Coronal Hole Study, ram8-21 January, 2007. Par-
ticpating instruments included the Transition Region awndo@al Explorer (TRACE0, 11);

the Large Angle Spectrometric Coronagraph (LASCO), theo@al Diagnostic Spectrometer
(CDS) on SoHO, the UltraViolet Coronograph Spectromet&@3) and the Extreme Ultravio-
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let Imaging Telescope (EIT) all of which are on the Solar artié$pheric Observatory (SoHO;
12); the X-Ray Telescope, the Extreme-Ultraviolet Imaging&pometer (EIS) and the Solar
Optical Telescope (SOT) on the Hinode satellite.

Campaign 7197 was designed to collect 6-8 hours of contswiservations of a polar
coronal hole. Both north and south polar coronal holes werdied. XRT images were pri-
marily 1024 x 512 arcseconds with one image every 30 secdifdsised both a combination
of multiple focal plane filters to provide temperature imf@tion, and a single filter to study
dynamics and geometry. The focal plane filters are used latesthe energy of transmitted so-
lar x-ray emission to a known energy range. This limitatiortlee x-ray energy can be used to
estimate the temperature of the radiating plasma. In theeptestudy we have only focused on
the spatio-temporal variations and not temperature distiggonor do we incorporate the many
valuable observations by other instruments in this rebegifort.

The X-Ray Telescope (XRT) on thHdinode spacecraft has observed the formation of jets
from polar coronal holes. The observed jets are typicaityl 02 — 2 x 10* km wide and greater
than1 x 10° km long. We also note that the frequency of jet formation ikast an order of
magnitude greater than has been previously reported. Am@eaof an XRT observation is
shown in Figure 1 while we show a enlarged image of a partigataluring three stages of the
jet’s evolution in Figure 2.

The radial velocity of polar coronal hole jets has been meskby forming a plot of the
intensity variations as a function of distance and time. feate this plot, the intensity for a
single column of pixels along the axis of the jet is deterrdiménich will form a 1-D strip in a
full image. With an average lifetime of several minutesyéh@re generally 30 or more images
for each event. A column of pixels along the axis of the jetrfreach image is compiled to
form a plot of X-ray intensity as a function of time and pasitialong the jet. The slope of the

intensity in the plot is then the velocity of the jet. An exdmpf this technique is shown in



Figure 3.

Using this technique we have examined four jets in detail. fMé that there are multiple
velocity components for each of the jets. Shimojo etBlr¢ported that the spatio-temporal av-
erage velocity was- 200 km sec!. We find that one component of the jet velocity is consistent
with this velocity. However, a much higher velocity is aldwserved, roughly- 800 km sec'!
at the start of each event. We interpret tis as evidence foenmabbeing ejected at the Alén
speed during the relaxation of the the magnetic field folfana reconnection event. We have
also found that this high speed mass flow occurs multipledipez event, presumably there is a
Alfv én wave generated for every field line that reconnections alaes. THis would explain
the multiple Alfvénic components we observe for each of the jets studied.

We have also studied the numbers of events per hour, andagstrof the mass for each
event. This allow us to define the average mass per event andl anass loss per second. We
have found that each event has a proton mass loss®6f EOr both data collected from north
and south polar coronal holes, the average number of eventsopr is 10. Previous reports of

jet observations indicated that there were only a few ofdludservegber day.

Discussion

Two types of outflows are possible during the post magnetiormeection phase of a jet. (1)
An outflow at the local sound speed resulting from an energosigion into the dense chro-
mosphere plasma. (2) A faster outflow at the Ativspeed produced during the relaxation of
the magnetic field to a more potential (less curved) geométrgase (1) the plasma is rapidly
heated and expands into the overlying low pressure coran@waporation. This process is
governed by the equation

ve = 26T°% /3knLy . (1)



Here x is the Spitzer conductive coefficierif; is the temperature at the location of energy
deposition,k is the Boltzmann constant; is the density of the loop before evaporation is
initiated andLr is the temperature scale length. The average temperatjets @ind the related
footpoint flares are 6 MK13,14). They also show that the loop density in the coronal hole
before the jet is x 10° cm~3. In hydrostatic equilibrium, the temperature scale lerigthx
10* km, and so the initial velocity of the conduction front woide 200 km s'.

The other possible velocity is due to case (2). Plasma idaerated by the formation of an
Alfv én wave during the relaxation of the magnetic field. The veilesiof Alfvén waves are

given by

va = Bo/\/4up . 2)

Assuming that the magnetic field is of order 10 Gauss, theéAlielocity in the loop prior to
evaporation isv 700 km st

In addition to the observed high-speed radial velocities,have also observed transverse
oscillations of a jet (see http://xrt.cfa.harvard.edsiinaces/stash/17jan2007.html). These os-
cillations have a period of about 200 secs, and a peak-th4magnitude of 8000 km. These
observations of transverse oscillations are the first wevkiochave been reported.

As a small flux region undergoes reconnection, multiple fikslels are driven into a current
sheet, the field line topology is changed, and the shape didtlikdistorted. This distortion
will create a Alfiven wave as the field line attemps to straigten. Subsequentlifielsl will go
throught the same process and also createéAlivaves. Accordingly, it is not suprising that in
all of the events we have thus far studied which show evidehédfv én waves, multiple such
high speed outflows are observed during each eruptive phatieeke four events. We show an
example of a potential field configuration that would prodtigs resul in Figure 4.

Observations of polar coronal jets have been markedly ingatalue to the increase in

spatial and temporal resolution of XRT. Data collected fr@ampaign 7197 have shown that
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these events occur with higher frequency than previougheeted. Indirect measurement of
changes in flux connectivity, as evidenced by observatidieap geometric variations, has
been obtained with SOT in Ca Il (K) and with XRT in multiple &ts. XRT has shown there
is a similarity between these small-scale eruptive evgets)(@and the flares/CMEs from active
regions in the sense that both phenomena involve topologfeages to the coronal magnetic
field. This correspondance between events with 3 - 4 ordeagfimtude range of energies may
serve as a prototype for the formation of other astrophygtawith energy scale many orders
of magnitude greater still.

Not only do these observations of coronal jets provide udagight into the formation
of hot, collimated, high-velocity outflows, but it is alsoikdly large-scale contributor to the
mass-loading of the fast solar wind. ParKkérand Chapmari6 first provided a model for
the existence fo the solar wind. Recent work has suggestdiifvén waves may play an
important role in driving the fast solar wind. However, thesaves have not been directly
observed in the extended corona. These jets may, in fadbgf@st observational evidence for
Alfv énic wave driving of the fast solar wind. The fast solar windkimwn to have velocities
of the order 100 km se¢ and is generally observed to originate from coronal holag. XRT
observations of polar coronal jets havw collected data eere¢ hundred jets events to date.
The velocities measured for the evaporative componenteokitay jets and the estimates of
mass loss for these events within coronal holes suggestibgts may in fact be a source of
mass loading for the solar wind. Each event observed haseaage proton mass loss of order
10°" and there are 10 or more of these evesiiserved per hour with an average duration of
10 minutes. This expansion produces a net flux df Jootons nT? sec! at 1 AU. Current
estimates of the average solar wind flux are only a factor oimbde than this jet mass loss
contribution.

XRT has observed an order of magnitude more x-ray jets inn@rboles per hour than



previously done in a day. Our detailed study of four of thegenes has revealed that there
are velocity components that are consistent with both édfwave formation and evaporation
outflows. The mass loss for jets could form a sizable fraatifdihe mass of the fast solar wind.
It is also possible that these small-scale events coulceses\a model for larger energetic jets
which occur throught the universe.
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Figure 1: An XRT image of th north polar coronal hole. A typig is seen in the center right
of this image.
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Figure 2: XRT images of three stages in the jet evolution.
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Figure 3: This time-distace plot for the 17 January evenBad8 UT is used to determine the

velocity. The slope in the intensity as a function of disewaad time is used for this measure-
ment.
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Figure 4. As the magnetic field of a small multipolar regionaenects, the pre-existing field
topology can incite multiple reconnection events. A suggpgtexample of a topological evolu-

tion is shown above.
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Movie 1 (supporting online material): Movie illustrating the frequency and distribution of

jetsin Figure 1 as imaged by Hinode/XRT with the Al-poly filtbttp://xrt.cfa.harvard.edu/resources/stash/1

Movie 2 (supporting online material): Movie illustrating the temporal evolution of jets
shown in the three panels of Figure 2 as imaged by Hinode/XHT the Al-poly filter. The
jet clearly is seen to oscillate back and forth providingher evidence of the existance of an

Alfv én wave. http://xrt.cfa.harvard.edu/resources/stagiPD07.html
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