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Abstract Using the multi-wavelength data from the Atmospheric Ilmaghssembly
(AIA) onboard theSolar Dynamics Observatory (SDO) spacecraft, we study a jet
occurring in a coronal hole near the northern pole of the Sthme. jet presented dis-
tinct upward helical motion during ejection. By tracking &lentified moving features
(MFs) in the jet, we found that the plasma moved at an appratéin constant speed
along the jet's axis. Meanwhile, the MFs made a circular oroith the plane transverse
to the axis. Inferred from linear and trigonometric fittirtgsthe axial and transverse
heights of the six tracks, the mean values of the axial veésGitransverse veloci-
ties, angular speeds, rotation periods, and rotation wfdine jet are 114 kms',
136 kms!, 0.8 s, 452 s and 9.8 10° km respectively. As the MFs rose, the jet
width at the corresponding height increased. For the firs¢ tiwe derived the height
variation of the longitudinal magnetic field strength in fleé from the assumption
of magnetic flux conservation. Our results indicate thateagits of 1x 10* ~ 7 x
10* km from the base of the jet, the flux density in the jet decreésen about 15 to
3 G as a function oB = 0.5(R/R — 1)~°%* (G). A comparison was made with
other results in previous studies.

Key words: Sun: activity — Sun: chromosphere — Sun: magnetic fields — Sun
flares — Sun: rotation

1 INTRODUCTION

Solar jets are small-scale plasma ejections along straiglstightly curved coronal fields (e.g.
Shibata et al. 1994; Li et al. 1996; Chae et al. 1999). Theybsanbserved as emission in ultra-
violet (UV; e.g. Schmieder et al. 1988; Chen et al. 2008)reaxe-ultraviolet (EUV; e.g. Schmahl
1981; Alexander & Fletcher 1999; Kamio et al. 2007; Kim e28l07; Chifor et al. 2008a,b; Kamio
et al. 2009; Yang et al. 2011a; Tian et al. 2011), soft X-raYRSe.g. Shibata et al. 1992; Zhang
et al. 2000; Cirtain et al. 2007; Moore et al. 2011) and whgétl (WL; e.g. Wang et al. 1998a;
Liu et al. 2005b). The detailed statistical properties ofa¥-jets were studied by Shimojo et al.
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(1996) and more recently by Savcheva et al. (2007). In tefmsoophology, surges are very simi-
lar to jets, but they appear as absorption features whemadzsen solar disks. Sometimes, surges
are observed to be associated with filament formation (eéwetal. 2005a), filament eruption (e.g.
Chen et al. 2009a; Guo et al. 2010; Moore et al. 2010; Hong.€x(dl1) and even coronal mass
ejections (CMEs, e.g. Liu et al. 2005b; Jiang et al. 2008nheBally speaking, surges and jets are
manifestations in different wavelengths of the same phemam. In the following context, we use
the term “jets” to refer to both surges and jets.

Helical or twisted structures in jets have been reported &mynauthors (e.g. Dizer 1968; Shibata
et al. 1992; Canfield et al. 1996; Wilhelm et al. 2002; Jibbe@ahnfield 2004; Jiang et al. 2007; Liu
et al. 2009; Shen et al. 2011; Liu et al. 2011; Curdt & Tian 20BY using line of sight velocity
field (e.g. Xu et al. 1984; Gu et al. 1994; Jibben & Canfield 2@0% stereoscopic (e.g. Patsourakos
et al. 2008; Nistico et al. 2009) observations, some rebeas confirmed that the rotational motions
in some jets are real. Xu et al. (1984) proposed a doublegifflession model to explain the rotating
motion of a surge. However, in consideration of the closati@hship between jets and photospheric
magnetic flux activities, such as magnetic flux emergenasyergence and cancellation (e.g. Roy
1973; Wang & Shi 1993; Shimojo et al. 1998; Zhang et al. 2000;& Kurokawa 2004; Chen
et al. 2008), more authors are inclined to think that thersipimof jets results from the relaxation of
magnetic twist, which occurs when a twisted photospherigmetic loop reconnects with ambient
open fields (e.g. Shibata & Uchida 1986; Shibata et al. 1984fi€ld et al. 1996; Patsourakos et al.
2008; Nistico et al. 2009; Kamio et al. 2010; He et al. 20R&cently, three-dimensional simulations
by Pariat et al. (2009) have shown that high-level magné&tss due to twisting motion can lead to
an explosive release of energy via reconnection, whichprilduce massive, high-speed jets driven
by nonlinear Alfvén waves. If the stress is constantly sapht the photospheric boundary, this
mechanism will generate recurrent untwisting quasi-hagols jets (e.g. Pariat et al. 2010; Asai
etal. 2001; Chen et al. 2008; Yang et al. 2011b). More regghi simulations by Diaz et al. (2011)
have indicated that the speed of the flow along the field lifiéwisted magnetic flux tubes may be
super-Alfvénic, and the twisted tube is subject to kinkadity, which could explain the behavior
of super-Alfvénic jets and the disruption of some obsefjets!

As mentioned above, so far the main observational methootwéstigate the spinning of jets
have focused on the analysis of the line of sight velocitylféeld stereoscopic observations, or taking
advantage of the technique of time-distance analysis (@uget al. 2009). The lower temporal and
spatial resolutions of these observations, or the linutatf the technique used in these studies,
cannot clearly discern the exact kinematics of the jet. kangle, the tracks or stripes in the time-
distance slit images cannot represent the real motion pigsima along the slit direction due to the
perpendicular velocity. The Atmospheric Imaging Assen(BllA; Lemen et al. 2011) on the Solar
Dynamics Observatory8DO; Schwer et al. 2002) images the solar atmosphere in 10 waythle
with 12 s temporal resolution. The instrument observesr ggsma from the photosphere to the
low corona with a full-disk field of view, and the pixel size about 0.6. High-resolution AlA
intensity images can reveal the fine structures in jets, vpiovides us with an opportunity to track
the motions of some moving features (MFs) in jets. Using tiei& method, we study the detailed
kinematics of one AIA 304 jet, which has been investigated by Shen et al. (2011) maising
the time-distance slit image technique. One aim of this pept® compare the results from the two
different methods.

In addition, the measurement of coronal magnetic field gtireis a long-standing unresolved
problem in solar physics (e.g. West et al. 2011). Due to tlébroadening and the polarization
effect, the usual methods for measuring coronal flux densitgh as Zeeman splitting of spectral
lines and the Hanle effect, become complicated. Focusinfp@stronger active region fields, Lin
et al. (2004) measured the magnetic flux density’1(007 x 10* km ) above an active region to be
4 G, which is smaller than the results (83 G) presented by an earlier work from Lin et al. (2000).
Some indirect methods, such as photospheric extrapolsamiques (e.g. Wang & Sheeley 1992;
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Liu & Lin 2008), radio techniques (e.g. Ramesh et al. 201@) eoronal seismology (e.g. Uchida
1970; Roberts et al. 1984; Chen et al. 2011; West et al. 20bpaBwamy & Yashiro 2011), are
applied to estimate the coronal magnetic field. In this stirdgombination with the observations of
the studied jet, we try to provide a new technique to estirtfeenagnetic field of the higher part of
the jet, which would give valuable insight into the struetof the coronal magnetic field.

In the next section, we briefly describe the observationsdata used in our study. This is fol-
lowed by a detailed study of the kinematics of the jet and &#imesion of the longitudinal magnetic
flux density in the jet. Finally, we give the summaries anaddsésions.

2 DATA AND OBSERVATIONS

On 2010 August 21, a jet occurred at the northeast limb (EQN81the Sun (Shen et al. 2011).
The observation from the Extreme UltraViolet Imager (EUWIgelser et al. 2004) of the Sun Earth
Connection Coronal and Heliospheric Investigation (SECGtéward et al. 2008) onboard space-
craft B of the Solar Terrestrial Relations Observatory (BHD; Kaiser et al. 2008), indicated that
the jet is rooted in the coronal hole (e.g. Zhang et al. 20@3Yy the northern pole of the Sun. The
detailed evolution of the jet was observed by the AIASO, which provides multiple simultaneous
high-resolution full-disk images up to (%;, above the solar limb with 1.2 arcsec spatial resolution
and 12 s cadence. All 10 bandpasses have been employed ihsbevations of this jet activity. In
this paper, we mainly used the channels centered aA30800A, 171A, 193A and 211A (Level
1.5 images), with temperature response peaks at 0.05 MKVIK,10.6 MK, 1.5 MK (also 20 MK)
and 2.0 MK, respectively (Lemen et al. 2011). We did not penfany de-rotation since the effect
of rotation will not significantly influence our results.

3 RESULTS
3.1 General Evolution of the Jet

Figure 1 shows the morphology and general evolution of thatjalA 304 A (reversed color table).
Since the projected direction of the jet’s axis is abolit @8unterclockwise from the northern pole
of the Sun, all the AIA images in this paper have been rotatethb same angle in a clockwise
direction for better showing the features. According to A& observations, the jet took place at
about 06:07 UT, when a brightening patch BP1 (see panel (&)gofl) first began to appear at
one (eastern) side of the root and gradually evolved intopgai@nt inverted “Y” structure in the
171A images. From that point, dense plasma began to flow out frBthd@hd expanded westwardly.
From the AIA 16004 images, we can see that another brightening patch BP2 (el ga) of Fig. 1)
appeared at the opposite (western) side of the base regadoat 06:18 UT and peaked at 06:23 UT.
In combination with the 304 observations, it seems that the main mass of the jet waredjéom
above BP2 rather than BP1 after BP2 appeared. We considethiedocation change of the jet
footpoint has a close association with the magnetic readioreoccurring at the base of the jet.

As the plasma was ejected outwards, the jet also spun cleelag viewed from its footpoints.
Because of the movements along both the axial and transfretaéion) direction, the jet appeared
as upward helical structures. Some fine twisted threadsawitean width of a few arcseconds can be
clearly identified, and are indicated by the white arrowsangis (e) and (f) of Figure 1. According
to the chirality definition of jets in Jibben & Canfield (2004he jet we studied here is a right-
handed jet. As time went on, these threads gradually unwaamiione big bifurcation (indicated
by the arrow in panel (g) of Fig. 1) appeared at about 06:351dmfthe bottom and spread upward
along the body of the jet. At about 06:45 UT, after reachingaximum height of 17.9< 10* km,
the material began to fall back almost along the axial dioeaithout any transverse motion.

Interestingly, we note that another jet (indicated by thews in panels (i) and (j) of Fig. 1)
occurred at about 06:42 UT, when the first had not yet comlyleisappeared. Its feet were very
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06:34 UT 06:36 UT 06:38 UT 06:43 UT 06:50 UT

Fig.1 Panel (a): AIA 16008 image displaying the brightening patches (BPs) at the bégee jet.
Panels (b)—(j): negative AIA 30A images showing the detailed evolution of the jet. The insage
have been rotated in a clockwise direction by I®m the northern pole of the Sun, which is the
same for all AIA images in Figs. 2 and 3. The field of view (FOY)tloe 304A images is 132 x
218’. The dashed box in panel (b) indicates the FOV of panel (aigiwis 48" x 79".

close to the feet of the first jet, which means they likely oraged from the same source region.
However, the ejection directions of the two jets were noy\@msistent with each other. A similar

phenomenon has also been reported by Chen et al. (2008).€lceatrsimulation by Pariat et al.

(2010), their results show that the drifting directions diterent for recurrent jets, even if the

underlying magnetic system and driving motion remain camst

3.2 Helical Upward Motion

A remarkable character of this jet is its distinct transeenstating motion. In Figure 2, we show
this transverse motion in detail. Two AlA intensity images384 A and 171A wavelengths are
given in panels (a) and (c) of Figure 2, respectively. Thed¢hwhite narrow boxes (74 4”) in
the 304A images mark three slits, S1-S3, from top to bottom, which @erpendicular to the jet
axis. The heights of S1-S3 from the jet base are about 2.36%, 4.43x 10* and 6.50x 10* km,
respectively. In panel (b) of Figure 2, we display the tinigtahce diagrams at 30k along slits
S1, S2 and S3 from top to bottom, respectively. As shown igdliene-distance diagrams, it can be
seen that there are many striped structures, which indicatgansverse motion of the plasma in the
jet. In total, 15 stripes can be clearly identified in pang] @mong which several typical ones are
indicated by the white arrows.

We performed linear fittings to all the 15 time-distance kss@and found that the transverse
velocities of these features range from 70 to 200 krhwith a mean value of 134 knt$. Using
the same method, a more detailed investigation on the teasswnotion of this jet has been done
by Shen et al. (2011). According to their results, the tot@rage transverse velocity of the jet is
123 km s!. In this paper, using the observations from other bandpagsefurther extended this
study. In panel (d) of Figure 2, the time-distance diagrammfl?l,&, 193A, and 211A intensity
images are plotted from top to bottom, respectively. Beedhe transverse rotation is not very
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06:34:08 UT 06:30 UT

AIA17L (o) |

06:20 UT 06:30 UT ~ 06:40 UT

Fig.2 Panels (a) and (c) are AIA 304 and 171A intensity images, respectively. They have the
same FOV of 150x 216’. The white narrow boxes indicate the positions of slits S1véich have
an FOV of 74'x 4”. Panel (b): slitimages from the AIA 304 channel along S1-S3, respectively.
Panel (d): slit images along S2 from the AIA 1A&1 193 A and 211A channels, respectively. The
two white dashed lines indicate the times 06:34:08 and 0BSBAT when the AIA 304 and 171A
intensity images (in panels (a) and (c), respectively) wecerded. The arrows in panels (b) and (d)
point to some stripes, which indicate the transverse mstidithe plasma across the jet.

AlIA 304
@)

06:38:56 UT b
(b) MF2

Time from 06:32:44 UT to 06:36:32 UT

Fig.3 Panel (a): one AIA 304 image overlaid with the tracks of MF1-MF6 (plus, asterisian-
gle, diamond, square and symbols, respectively). The times in parentheses are #neastd end
tracking times of the corresponding MFs. The FOV of panelgd)68’ x 144’. The yellow dashed
box indicates the FOV of the slitimage in panel (b), whichlisat 14’ x 52”. Panel (b): slitimages
showing MF2. The blue asterisks indicate the positions oRM#&different times.
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Fig.4 Time variations of the relative axiatifcle) and transversep(us) heights of MF1-MF6. The
red and blue solid lines are the results of linear and trigagtoic fittings to the axial and transverse
heights €olor online), respectively. Herey,, v, T', w and A represent the axial velocity, transverse
velocity, rotation period, angular speed and rotationuadif the MFs, respectively.

clear in the 1714, 193 A and 211A observations along S1 and S3, the time-distance diagrams a
slit S2 are shown alone. Similarly, from the slit images imgla(d), the transverse helical motion
features can be clearly identified, some of which are markeith® black arrows. Furthermore, in
terms of morphology, these transverse motion featuresrobsdén the three EUV wavelengths are
very similar. According to the linear fitting results, the angransverse velocity of these features is
around 140 km's!, which is similar to the result from the 3G4slit images.

To reveal the kinematics of the jet more clearly, we tracki&dnsoving features (MFs) that
can be clearly identified in the jet. Considering the fregzimeffect of the plasma-magnetic field
coupling, we assume that each MF moved along the same medieddi line during ejection. In
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panel (a) of Figure 3, one AlA 304 image at 06:38:56 UT is overlaid with the tracks of MF1-MF6
(marked with plus, asterisk, triangle, diamond, square :arsymbols, respectively). The start and
end of the tracking times of each MF are shown in the corredipgrparentheses. It can be seen
from Figure 3 that most of the MFs’ tracks appear like hellzeds, which indicates that the MFs
made helical upward motions in the jet. As an example, we ghevevolution of MF2 in panel (b)
of Figure 3. The blue asterisks in panel (b) indicate thetjmos of MF2 at different times.

In Figure 4, we plot the time profiles of the axial (circle) arahsverse (plus) heights of the six
MFs. Note that the time and height in each panel are the vadlgtive to the initial time and height
of the respective MF. According to the different distriluts of the axial and transverse heights,
we can see that all the MFs seem to move at an approximatestardrspeed along the jet's axis
and make a circular motion across the jet in the meantime.&kfempned linear (red solid line) and
trigonometric (blue solid line) fittings to the axial andrisxerse heights of each MF, respectively. It
can be found that the observational data are fitted very weilch provide further evidence of the
helical motion of the jet. The axial velocityy), transverse velocity(), angular speed.(), rotation
period ('), and rotation radiusA) of each MF are derived from the linear and trigonometrignfitt
results and shown in the corresponding panel of Figure 4.réan values ob,, vy, w, T and
A are 114 km s', 136 km s!, 0.81° s7! (or 14.1x 1073 rad s!), 452 s and 9.8 10° km,
respectively. In comparison with the results from Shen e{2011), we found that most of the
results are similar, except for the mean axial velocitigsicivare 114 and 171 knt'$ in our and
their studies, respectively. This difference may reswlbfithe limitation of our sample number.

In addition, from the fitting results in our study, there se¢mbe no obvious correlation between
v, andv;. For example, the transverse velocities of MF1, MF2 and ME3haout 150 kms!; how-
ever, the axial velocity (153 knrs) of MF1 is much larger than those (93 and 82 km sof MF2
and MF3. Of course, for a more accurate statistical relatignbetween the axial and transverse ve-
locity of jet plasma, further study based on more samplesésiad. Using these results, we roughly
estimate the twist spreading into the outer corona duriectigin, which might have previously been
restored in the photospheric flux rope. The AIA 394novie shows that the total spinning period of
the jet is approximately from 06:16 UT to 06:42 UTZ6 minutes). Assuming that the jet made a
uniform circular motion, the total restored twist can ré$tdm dividing the total spinning time by
the mean rotation period (452 s), which is about 3.6 turnsohirast to the result presented by Shen
etal. (2011), ours is larger.

3.3 Axial Magnetic Field Strength in the Jet

As mentioned at the beginning, in this study we try to provadeew method to estimate the lon-
gitudinal magnetic field in the jet. Our basic idea is thauasisg the jet plasma flows in the same
flux tube during ejection, the magnetic flux across the trarss/ section of the jet would remain
constant, i.e.

B,S, = BS. 1)

So, if we can determine the photospheric magnetic field gtre(B,), the transverse ared&() of
the flux tube at the jet base and the transverse afeaf(the flux tube at a certain height, then the
axial magnetic field strength3) at the corresponding height can be derived from Equatipn (1
We describe the determinations Bf,, S,, and.S below. First, we think of the flux tube, the

channel along which the jet material flows, as an approxilypatésymmetric cylinder with an in-
creasing radius{. So, the transverse ar§a andS can be represented hy? andrr?, respectively.
Due to dispersion, it is difficult to measure the jet's raditg at the base directly. Thus, is esti-
mated by the size of the brightening patch BP2 appearingegettbase in the AIA 1608 image,
which implies thair, is about 2.6x 10 km. By tracking the axial heights of the MFs at different
times, we measured the width of the jet at the correspondighls, which is twice the size of

As for B,, since the jet occurred at the solar rim and there are noadlaiphotospheric magnetic
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Fig.5 The height variation of the axial magnetic field strengthhia jet. The cross, square, and
triangle symbols correspond to the data derived from ttekéraf MF6, MF5 and MF3, respectively.
The dashed and dash-dotted lines are the results from Meath(2011) and Dulk & McLean (1978),

respectively. The solid line is the fit to our observationatiad The dotted line indicates the position
of the solar surface.

field data, here we take the mean photospheric flux densitee\@500 G) from Chen et al. (2008)
asB,. Considering the similar spatial and temporal scales ofetsan this study and those in Chen
et al. (2008), the value (500 G) &f, that we used should be reasonable.

Using the corresponding data from the MF tracks, the axiajmatc field strength®§) along
the jet was derived from Equation (1) and its variation wigigint (from the base of the jet) is shown
in Figure 5. Note that we only used the data from three tratkiseoMF3 (triangle), MF5 (square)
and MF6 (x). This is because it is not only the axial heights of the thi&s, but also their evolution
times, that have better sequential data than the others-{ge8). The errors fronB mainly result
from the uncertainty in the measurementsrgfandr and increase as the heights decline. From
Figure 5, it can be seen th&t decreases with increasing height. In particular, it fallcily at the
lower height. According to our result® decreases by half (from about-18 to 742 G) from the
height of 1.1x 10* km to 2.8 x 10* km, with a mean drop rate of 4 G per1Bm. As the height
keeps increasing3 gradually declines to aboutt3l G at a height of % 10* km. From heights of
2.8 x 10* to 7 x 10* km, the mean decline rate & is about 1 G per 10km, which is only one
fourth of that below 2.8< 10* km.

Taking advantage of the same relationship of the magnetiaduasity with the width of the flux
tube,i.e.B ~ 1/r2, Verth et al. (2011) studied the magnetic field strength@ksolar spicule. Their
results (dashed line) are shown in Figure 5. Obviously, thedkensity derived in Verth et al. (2011)
drops more quickly at the typical heights (from the phot@sgtto 7x 10° km) of a spicule. As a
comparison, we also show the results (dash-dotted linegn3jifrom the empirical active region
magnetic field model (Dulk & McLean 1978), which is given By= 0.5(R/Rx-1)"'* G. On the
whole, the field strength values from the model are aboutisigg our results. In consideration of
the different magnetic field structures between the abotreeaiegion and in the coronal hole, and
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the certainty of errors in measurement, we think that owrlltesre reasonable. By slightly revising
with the empirical formula presented by Dulk & McLean (19,A8¢ found a new formula

B =0.5(R/Ra —1)7%% G, 2)

which fits our observations well, whereiR, is the distance from the solar center. In Figure 5, the
fitting results are indicated by the black solid line acréssdifferent symbols.

4 SUMMARY

In this paper, we presented a detailed study of a jet whictveti@ distinct transverse rotating mo-
tion during its ejection. The observational results appebe consistent with an untwisting model of
magnetic reconnection (e.g. Shibata & Uchida 1986; Pariat 2009, 2010). By tracking six iden-
tified features moving helically in the jet, we found that jaeplasma moved at an approximately
constant velocity along the axial direction and made a @ramotion in the plane perpendicular to
the jet axis. We derived the axial velocity, transverse eiypangular speed, rotation period and ro-
tation radius for each MF. Their mean values are 114 ki $36 km s'!, 0.81° s, 452 s and 9.8

x 10° km , respectively. By comparison with the other study usirtifi@rent method (Shen et al.
2011), we found that most of the results are similar. For nam®urate kinematics of jet plasmas,
more extensive statistical investigation work is expeatettie future.

On assumption of the magnetic flux conservation in the saméuthe, we made an estimation of
the field strength of the jet occurring in the polar corondéh®ur results show that the longitudinal
flux density of the jet at heights of & 10* ~ 7 x 10* km from the solar surface decreased from
about 15 to 3 G. Comparing with the results from Dulk & McLed878), a new formula o =
0.5(R/Rc—1)7%81 (G) fits our estimated data well. It should be noted thath@sed in our study
is just an estimated value, which may lead to a major errdrérabsolute value aB. However, this
would not significantly affect the height variation 8f On the other hand, since almost all of the
direct (Lin et al. 2000; Lin et al. 2004) or indirect (Cho et 2007; Ramesh et al. 2010; West et al.
2011) measurements of coronal field strength in previoudiestiare mainly focused on the stronger
fields above, or at least which emanate from major activeoreggiour results could offer helpful
information about magnetic field structures above the nesaherging mini active regions in the
coronal hole.

The formation of MFs in jets is also an interesting phenomeimilar features in jets can
be seen in other observations (e.g. Jiang et al. 2007; Liu 2089; Liu et al. 2011), although we
know that both local density enhancement and temperatiraneement might be responsible for
the existence of the MFs. However, why and how the local dgmsitemperature enhancement
takes place is still obscure at the present time. We sughasthree possible mechanisms might
contribute to the formation of MFs. First, the formation b&tMFs might be associated with the
successive occurrence of magnetic reconnection at theohése jet. Second, the intrinsic (sausage
or kink) instability in the mass flow as described in Chen e(2009b) and Diaz et al. (2011) might
be another possible candidate. In terms of morphology, Mé&siailar to the plasma blobs observed
in coronal streamers (e.g. Sheeley et al. 1997; Wang et@8l,%Vang et al. 2000; Song et al. 2009).
The simulations by Chen et al. (2009b) reveal that the saukaud instability of coronal streamers
may lead to the formation of plasma blobs, and at this pointhivék that the production mechanism
of MFs in jets may be similar to that of the plasma blobs. Initgid, the simulations of Diaz
et al. (2011) support the theory that the kink instabilitghie mass flow can result in the disruption
observed in solar jets. Finally, the intrinsic unevenndshe plasma density in the photospheric
twisted flux tube might also be a possible formation mechmamsMFs in solar jets.
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