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ABSTRACT

Aims. Evidence is beginning to be put forward that demonstratesdle of the chromosphere in
supplying energy and mass to the corona. We aim to assedéhef mhromospheric jets in active
region dynamics.

Methods. Using a combination of the Hino®8OT Ca Il H and TRACE 1550 A and 1600 A
filters we examine chromospheric jets situated at the edgesohspot.

Results. Analysis reveals a near continuous series of jets, thag kisomospheric material into
the low corona above a sunspot. The jets have average risdssp&30 kms' and a range of
10-100 km s*. Enhanced emission observed at the jets leading edge ssigigesormation of a
shock front. Increased emission in TRACE bandpasses ahev&inspot and the disappearance
of the jets from the Ca Il filter suggests that some of the clugpheric jet material is at least
heated to- 0.1 MK. The evidence suggests that the jets could be a mechaniisch provides a
steady, low-level heating for active region features.

Key words. Sun:

1. Introduction

Dynamic jets of plasma observed in the solar chromospherearently the subject of much
interest i L_(Zdll) has demonstrated theiatiso between spicules and material
heated to EUV temperatureb ¢ 0.2 - 1.0 MK), suggesting they play an important role in supply-
ing heated plasma to maintain the quiet cor j ﬂg_ﬂ) provides further evidence
for a connection between coronal hole spicules and transiggion emission but find no corre-
sponding EUV T > 0.3 MK) emission. The importance of plasma jets in atmosphidamics is
also highlighted in observations of large solar jets, wislsbw how multiple, small jets can launch

arge quantities of cool (chromospheric) and heated plasoathe corona (e.g al.,
@WIMMMZ@

Further to this, recent observations have shown that thessnic jets support ubiquitous trans-

verse waves, both at the limb in sp|cuILe_s_LD_e_BQn1i§_uJ41_QQ1HZagaLa§hiﬂj4&£LdﬂL/L2Qb9),
on-disk in mottles|(Kur|dze et liL_Z_dlZ) pIum«JP:s (Tian l,tlﬁl)) and in larger jet structures

(Cirtain et al.| 2007; Liu et al., 2000; Vasheghani Faraletail,| 2009; Morton et al., 2012b). The
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transverse waves in spicules appear to haiécgent energy to power the solar wind and possibly
heat the quiet solar corona.

The behaviour and appearance of chromospheric jets is welidented for the quiet Sun, the
plage of active regions and coronal holes. De Pontieu 42_@0_‘&) give evidence for the existence
of two types of spicule, namely Type | and Type II. Type | areugtified as jets which rise with

speeds of 16- 40 km s and exhibit parabolic profiles in time-distance plots, gading a portion
of the jet's mass that is ejected returns to the surface. @mther hand, type II's are shown to
accelerate while rising, reaching speeds of-5000 kms? and fade from the filter without being

seen to return to the surface. It is these events, so farhtvat been observed to have a coronal

counterpartl (De Pontieu et|eh_..14)ll). The presence of afaging jets has also been reported on
disk tRQquﬂLa.n_d.e_dLO_O_Ll_edMOQ).

Although it is well known that spicule-like features occuractive regions (e.g., plage re-

gions - dynamic fibrils), details of their behaviour at thetff@oints of coronal structures are
scarce. Due to the substantialfdrences between active region and quiet Sun magnetic struc-
tures, it might be expected that there is #atience between the jet phenomena that inhabit
the two regions. This idea is supported by observélidinces between quiet Saaronal hole
spicules|(De Pontieu et|a]L_ZQ_(l)7b) and dynamic fibrils irgpleegionsL(,D_e_Eo_mLe_u_eﬂzilu_Z(l)OB;

Tziotziou et aH Zdel; De Pontieu gjl M?a). We noté sheall-scale jets (widths 400 km)

have been identified in the chromospheric penumbra of sus [ 7), how-

ever, these jets are formed along low-lying magnetic sanestthat probably do not penetrate into
the corona.

Closely related to the subject of jets are up-flows and dowwsfld~lows have been ob-
served above active regions in spectral lines correspgriditransition region (TR) temperatures.
[Kj&ldSﬁlh;M_o_e_el_ell. 8) reported the presence ofZD kms* up-flows and 46- 80 kms*
down flows in C IV (1548 A), which has a formation temperatufe-00.1 MK. More recently,
he.L'LaQa_e_t_Al.L(ZO_CLS) used the SUMER (Solar Ultraviolet Measients of Emitted Radiation)
instrument to investigate the TR above sunspots, findinggsare down flows on the order of
10-30 kms?tin Si IV (1403 A, T ~ 0.073 MK). A number of other studies have also shown that
down flows are associated with higher TR temperatufes (0.6 — 1.0 MK) and high speed up

flows are seen at coronal temperatures<( 1 MK), e.g.LMa.LS_Qh_elAIL(ZQbLLZdOJiL_B_QLa.DS_At al.
d;oﬁ)] Ugarte-Urra & WarrJarlL(;th), Warren elt EI._dOhﬁm@_e_t_al.[(;Ojl).

On the nature of the TR above sunspots, study of Hydrogen hyima profiles with SUMER

bym. @9) revealed an interesting insight. Thi@ns suggested that the TR above a
sunspot is higher and more extended than the TR in plagenggidey also conjectured there

might be less chromospheric plasma above sunspots.

We aim to examine further the role that chromospheric phesmam play in the dynamics of
active region structures connected with sunspots. We figats the properties of chromospheric
jets that surround a sunspot seen at the limb using Hinodéhantransition Region And Coronal
Explorer (TRACE). Further, we demonstrate that the TR iswéigand more extended above the
sunspot than in the plage, as suggeste @(Zﬂ)bé)chromosphere is also extended
and higher above the sunspot, suggesting it is less densenparison to the plage chromosphere.
Although it is challenging to study the chromosphgemnsition region above the sunspots, imaging
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observations such as this one here provide an insight ietmlle of the chromosphere in maintain-

ing overlying active region features.

2. Data Analysis

The data were obtained by Hinode Solar Optical TeIescopéI’(—Sbu&malsu_el_lalL_ZdOS) at
01:11:00 UT 21 November 2006 till 02:00:00 UT on the same tigodeSOT viewed a re-
gion on the west limb with the Ca Il H broadband filter, whicls tzapixel size of @54” but is
diffraction limited to 02 (145 km). The cadence of the data~is8 s. We performed the usual
processing routine for SOT data sets wighprep.pro. However, the data still possess a significant
drift over time. We correct for this by tracking the limb otbe time series and removing the trend.
All images (except those shown in Fig. 1) are then rotatethabthe limb faces north.

In the time series, Hinode was following the active regior®2® Hinode tracked its
progress across the disk and the active region has beenlifecsaf many investigations (e.g.,
K kaw:. IL;O_{)?). In the data series used here, tlspstis about to cross the limb (Fig. 1)
allowing a novel side-on view of the sunspots structure. ifeges clearly show vertical and in-

clined magnetic fields emanating from the region into theelosorona. A snapshot from XRT
m.@& shows that hot coronal plasma existsattm/sunspot. We do not use the XRT
data for analysis because the telescope was operating Vath @adence (3 mins) at the time of
interest. This cadence is much too low to observe dynamiawebr on the timescales observed
in Call H.

To emphasise magnetic structures and moving features wkgmmpumber of standard anal-
ysis techniques. The first is unsharp masking, where, fan &ate frame, we subtract an image
smoothed with a boxcar function of width 10 by 10 pixels frdme briginal image. The result is
seenin, e.g., Fifll2. Second, we create runnifigidince images of the original data by subtracting
the preceding time-frame from each image.

We also use data from the 1550 A and 1600 A filters on board TRM.M%
taken on the same day. The data is subject to typical TRACEapation routines. The data for these

bandpasses is sporadic in time and only covers certain gihe Hinode time series. Both these
filters have significant contributions from the continuund &rom C IV ({I:Ia.n_d;Le_tA 1_19_48 which
has a formation temperature df~ 0.1 MK. We do not use the technique develope‘ in Handy let al.

) for separating the continuum emission from C |V eioisas this is only suitable for intense

solar features. For analysis between TRACE and Hiffe@& images, we rebin the SOT data so
that pixels correspond to TRACE resolution and we align thages via cross-correlation.

Further, data from the Solar and Heliospheric Observat&@@HO) Extreme ultraviolet
Imaging Telescope (EIT|-_D_QLa.b_O_LLdjﬂJ_é.Le_ét[a.L_JI995)$$)aJsed here and images are subject to
the standard SOHEIT preparation routines. The resolution of EIT is 2.56”1000 km), which
is much too coarse to study the fine-scale dynamics, so thénkd@es will only provide context
for the Hinod¢SOT and TRACE images.

3. Observational features

On viewing the unsharp masked movie of the data, it is sedrtllegplasma at the edge of the
sunspot displays highly dynamic behaviour (movie 1). Jptsear almost continuously from the
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chromosphere and rise into the corona up to heights of 16 Mm (10— 20 arcsec). The jets
travel along fine-scale structures with widths on the ordéhe diffraction limited resolution, i.e.
~ 150- 200 km. The widths given are the values of the full-width haliximums obtained from
a Gaussian fit to the structures cross-sectional intensitji .

Throughout the time series the plasma jets outline the ntaxfireld revealing that it branches
out almost symmetrically above the sunspot. However, théeptures do not display the same
behaviour across the sunspot. It can be observed that theniefright hand sides of the sunspot
display much greater activity than at the center. Images B®HQEIT (Fig.[I) reveal a ‘butterfly’
shaped active region emanating from the sunspot, corgisfitwo sets of coronal loops highly
inclined to the vertical. The brightest emission at cordr&ghts in all EIT channels is associated
with the two sets of loops. The emission over the center oftimspot is fainter. The overall picture
available from Hinode and SOHO would suggest that the grgettactivity is associated with the
coronal loops.

The left-hand side of the sunspot shows near continuousyéts plasma emission reaching
up to 15 Mm. The continuous nature of the up-flow suggestsge lamount of plasma is ejected
into the atmosphere but evidence for it returning to theamgfis far less obvious. Occasionally,
receding jets can be observed but they appear faint in iityecsmpared to the rising material.
Continuous up-flows are also seen on the right hand side aduithepot. However, intermittent,
large plasma ejections dominate the behaviour of the jetsling them higher into the atmosphere
with greater speeds (e.qg., Hig. 3).

The jets can also be observed to be generated in groups sganr@000 km and consist of
a number of the resolution size structures (Elg. 2). Thesagg of jets make up the majority of
the observed up-flow on the left hand side of the sunspot. &dést of our knowledge, no such
collective behaviour has been reported before in spigiildeits/mottles either in the quiet or active
Sun.

Next, we determine the rise speeds of the observed jets. &de jpl cross-cut aligned with the
jets upward trajectory (see FIg. 1) and produce time-degaliagrams from the runningftérence
movies of the data. Fi§] 3 shows typical time-distance pldtsre we have marked on certain jet’s
velocities. On calculating the velocities we have ignoreodjgrtion dfects as we are unable to
obtain any measurement of the inclination along the linagiftsNote, a number of vertical lines
appear in the time-distance plots. These appear to be thk oéfets moving transversally across
the sunspot, hence passing through the cross-cut. We ddendifiy any line in the time-distance
plots as a jet that shows emission over a length of 1 Mm in one ftame. This means we may also
rule out some short lived, fast-moving (125 km s?) jets. Such jets should be visible on viewing
the unsharp-masked images, although we can identify none.

The velocities of over one hundred jets are measured andaghasn of their velocity distribu-
tion is shown in Figl. The jets have a range of upward veksitt0- 110 km s*, with a median
value of 28+ 19 kms?. The jets typically have velocities with similar values oejed previously
for the type-I spicules, i.e., 10 40 kms? and also decelerate with height. The deceleration of
the jets is readily identified by the curved tracks seen wiffig.[3. The deceleration is around
0.03- 0.23 kms?, much less than the expected gravitational decelerationile® behaviour is
observed for spicules. However, the jet plasma is rarely seeeturn to the surface, fading from
the filter at the jet's peak height.
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On the right hand side of the sunspot, we see a similar piciloesever, more jets with ve-
locities> 40 kms! are observed than compared to the left hand side. The higleitse|ets are
observed typically when large-scale ejections of plasntaigevith numerous jets driven simulta-
neously over a 6000 km spatial scale. This large-scale @tagion only occurs on this side of the
sunspot and demonstrates that the driver of these evertaizely localised (possibly connected
with the overlying coronal loops).

A number of receding jets are seen and down flows are also@zkerhe number of these
events that we can identify is relatively small, namely 1é&res in the 45 minute time series. The
events have an average velocity of 48 km s™. This velocity is comparable to down flows seen

in TR spectral lines (e.gl., Marsch ej Jal., 2b|§)4; Dammasgh,m;ﬁer_iac_a_e_t_iiLLQbS).

One of the most interesting features is, unlike splculeﬁsehets do not taper with height. It has
been often reported that spicule intensity decreases witihh(e. g r 8) and they have
a tapered appearance. In Figk[J1, 2 [and 5 it can be observeti¢hats have increased emission
along the leading edge of the groups, suggesting an inciedsmperature or density (or both).
The increase in emission at the leading edge %86 of the emission of the the trailing plasma. The
enhancement is much clearer in the unsharp masked imag&jFithe fact that only the leading
edge is enhanced suggests this is not a line of sifiatki.e., a superposition jets. If this were the
case, we would expect most or all of the jet to show enhancésk@n, not just the leading edge.

We suggest the cause of this enhanced emission is due toatimdeedge of the jet being
a shock front. The shock would heat and condense the plasdméeto enhanced emission. If
suficient heating were to occur, then the ionization of @as would lead to plasma disappearing
from the SOT filter. This would explain why some of the ejecpd@sma is not seen to return to
the surface and the lower emission of the returning plasnoaveder, the unshocked plasma in
front of the jet has to have a temperature below 2 x 10° K. This is because the sound speed
in the unshocked plasma has to be less than the velocity geth@0 - 40 kms?) or else a

shock cannot form. Models of coronal loops suggest thativels cool plasma, i.eT < 0.5 MK,

exists in the loop’s legs even at coronal heights (e.9., Asciden et &l L_ZO_(I)l) The shock heating

i : eLg_._O_I GJRmrImq & HQ||WQJ] L9_8|8) rling
(iZODﬁI))Llamss_&_ELdsjs/lL@QbiLJameﬁ_elt[aL_d

On viewing the TRACE 1550 A and 1600 A images (Fi§). 1), the obsg emission shows
similar geometrical features and can be seen to be co-bpittiethe Ca Il H emission seen with
SOT. The observed emission above the limb in the TRACE bass#jsais most likely due to the
contribution from C 1V, which is formed ak ~ 0.1 MK. This would add weight to the suggestion

that shock fronts can from at the leading edge of the jet awddwel heating is occurring of the
chromospheric jet plasma to at least lower to mid TR tempeeat

Unfortunately, the corresponding XRT, TRACE and SQBO data does not provide §it
cient temporal coverage to examine whether the jets obdenv€a Il H have counterparts at
higher temperatures. Other instruments, e.g. SUMER, CI38,do not have data on this region.
Such joint observations are undoubtedly needed to confirettven the observed jets have higher
temperature counterparts and confirm whether shock-wavedhi{er mechanisms) are heating the
chromospheric plasma.
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4. Excitation of the jets

Now that we have described some of the observational featfrthe jets, we demonstrate evi-
dence that suggests potential excitation mechanismselgutet Sun it had been suggested that a
mixture of p-modes and granularfbeting are the main mechanisms responsible for type-I spicul
excitation k_D_e_P_O_DlLe_u_e_L dA._ELd_e.LLI_e} IaL..dO(WI)iIe reconnection is thought responsible

for driving type-Il events/(De Pontieu etlal., 2(1])7b). Weeag@wvidence that both methods are also
at work in the formation of jet events at the edge of sunspots.

4.1. Reconnection in the sunspot

Possible sites of magnetic reconnection can be identifigatirmages. In particular frors#00 s to
t=1100 s after the observations begin, jet excitation appedrs associated with a sustained bright
region at the chromospheric level, 3000 km in length. In Fid.l6 we display a series of images
that portray the typical behaviour in the bright region.he first image a short loop-like structure
can be seen. In the next few images, a portion of the loop i teeése upwards until it protrudes
above the low chromosphere and is aligned with existinggires that support up-flowing plasma.
This process is seen to occur every50 s while the bright region exists, suggesting multiple
reconnection events. The observed event is similar in appea to reconnecting chromospheric

loops seen in large jet events in the quiet chromospherg|Lé L 1 I
). The jets also display a transverse motion acr@ssithspot, giving the appearance of the
field lines being dragged from right to left. This could be gnsof the magnetic field reorganising
above the reconnection site.

4.2. Timescales of jet excitation

Now, we investigate the typical timescales associated thighjets. Using the time-distance dia-
grams shown in Fid.l3, we apply Fourier wavelet analysisfétidint heights. We find the predom-
inance of a 300 s timescale at the base of the cross-cutsphdlie left and right hand sides of the
sunspot. The presence of timescales with periods of 4800 s are also significant but have much
less power than the 300 s timescales. The power in the 30@scades dropstbrapidly within the
first 2 Mm of the cross-cuts. Higher in the atmosphere, thenisity is dominated by 400500 s
timescales. This timescale appears related to the praductithe jets that shoot material into the
lower corona ( heights in excess of 6 Mm). On Hij. 3 we have pl&tted typical results from
the wavelet. The wavelet scale with the greatest power atteplar height is plotted. The shown
wavelet scale is plotted so that the zero-crossings casreso the height at which the wavelet is
obtained.

We cannot rule out the inclusion of some plage region fibrilthiese cross-cuts contributing

to the timescales. Fibrils are seen in the data and a numloer oear the sunspot. The fibrils
are expected to be a mixture of vertical and inclined stmestuhowever, previous observations

(|D_e_P_0_nli.e_u_elAIL2QQ|7a) suggest both would not reach dsihig the corona<{ 1 -4 Mm) as

the sunspot jets. Hence, the fibrils should mainly be obskeavéhe foot points of the sunspot jets,

i.e., at the bottom of the cross-cuts. The inclusion of dyiedibrils could be a reason why 300 s
periods show significant power at the base of the cross-cuts.
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The long timescales found here are similar to the periodsaves reported in sunsiots, e.g.,

|Ih_Qma.S_e_t_all|_(;|.9_$2{)4_O_S_h_&a_e_{ Jal_(ZbOl) and in corong@idamactive region al.

). It is possible that waves could be exciting the jétisee by non-linear steepenlng to

form shocks, which elevate the chromospheric material., . al.,

|ErdeIV| etall QdD?) or exciting periodic reconmt(e.g.,ﬁegglaad_e_LLll.L_ZdOQ,
[MQLa.ughlm_el_a' LZQ:IJ(LMQLaughlm_elJ L_Zd12).

We also note the 50 s timescale associated with the discussednection event does not

show significant power (i.e» 99% significance) in the wavelet time-series. It would appea

longer time-scales (300-500 s) are associated with moregoirexcitation events, able to launch
plasma to greater heights above the sunspot. However, ge\@aion of jet excitation on shorter
timescales shows that localised events with a range of tiahes will also play a significant role in

determining the observed dynamics.

5. The chromosphere and TR above the sunspot

Flows in sunspot and active region TRs have been studied tail desing spectroscopy (e.g.,
jel I_ELJBé Marsch g] a{_,_ZbJM, Warren]e{m_‘b In partlcularl
) studied the profile of Hydrogen Lyman lines above Iptdlge and active regions. Typically,
the Lymang to Lyman-< show self-reversal over plage regions but not over the satngmbra,
suggesting a possibleftérent pattern of flow in the two regions. Theéfdring magnetic structures

in each region probably plays a role in this phenomenon.

. 9) suggest that opacity over the sunspot &hrass than over the plage, leading
to reduced absorption of the Lyman emission on-disk. Thigiin implied less chromospheric
plasma over sunspots. Further, they calculated electrositits over the plage and umbra from a
range of density sensitive lines pairs, finding lower TR d&sover the umbra when compared
to the plage region. It was suggested this was due to a higlieexdend TR over the sunspot in

comparison to the plage TR.

We can confirm this conjecture is indeed true. In the Hil8@8 Ca Il H and the TRACE
1550 A images we have over plotted two solid lines (Elg. 1)e Oa Il H cross-cuts are co-spatial
with the TRACE cross-cuts. The upper line marks the surrmgplage region and the lower line
marks the umbral region of the sunspot. The flux along thesssetuts is plotted in Fi§] 7 for the
firstimage in the Ca Il H time series and the closest TRACE 1&&fage in time.

First, we can identify approximately where the solar swfecin the flux profiles. The plage
profiles in Fig[Y show a steep decrease in the flux aftdr” along the cross-cut signifying the
reduction in photospheric contributions to the observedssion. The umbral Ca Il H flux also
has a sharp decrease at 1 ” along the cross-cut before imgesgin. This is due to the Wilson
depression which can be observed in Elg. 1. The 1550 Afluxtagins to decrease at 1 ” implying
the 1550 Aemission is also sensitive to the Wilsfieet.

Above the solar surface, the TR emission is seen to be significgreater above the plage than
the umbra to a distance ef9” along the cross-cut. This suggests the umbral TR is lesedbar
the plage TR. After 9”7, the emission is then comparable unrtil5” along the cross-cut when the
plage TR emission becomes less than the umbral TR. Hence jishaore TR temperature material
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at greater heights above the umbra than the plage. This derates the higher and extended nature
of the umbral TR.

In Fig.[d we also show the chromospheric Ca Il H emission altakgn along the cross-cuts
shown in Fig[dl. The chromospheric plage emission is grehgar the umbral emission until’9
along the cross-cut, suggesting a denser chromosphere piage. However, the umbral chromo-
sphere can be seen to extend much higher than the plage regfiogreater umbral emission after
9” along the cross-cut. This should be expected considereighie sunspot jets typically reach
greater heights than jets reported in the quiet Sun and péagens.

The attributes of the umbral chromosphere and TR, i.e.desse, higher and extended com-
pared to the plage, can probably be put down to the influentteeahromospheric jets. The sunspot
jets appear to be more dynamic than previously reported Guie and plage region jets. The jets
observed here are able to distribute the chromosphere nigicartinto the corona, also leaving the
chromospheric material thinner above the umbra. In turs ¢huses the TR to be extended over
greater heights above the umbra. This will be the case whtthgets are responsible for generat-
ing the TR, e.g., via shock heating, or simply just driving IR material to a greater height.

6. Discussion and conclusion

The jets observed around the edge of the sunspot display gneater dynamism than jets observed
previously in the quiet Sun and plage regions. New jets apakaost continuously in groups,
ejecting large amounts of plasma along the field lines. Eoédemission at the leading edge of the
jets and the lack of visible down flowing plasma suggeststti@jet material may be being heated
by shocks as it rises into the sunspot/@&tona. This claim is supported by the presence of TR
temperature material (C IV at ~ 0.1 MK) in TRACE 1550 A and 1600 A filters that is co-spatial
with and shares similar geometric features to the Ca Il H simiis The shock wave-heating may
not provide the hottest plasma observed in active regiaastémperatures in excess of 1 MK, but
could provide a steady stream of warm plasma 0.1 MK at the footpoints of the active regions.
The heated jet plasma may add to some of the observed toam&tion down flows above sunspots
(e.g./Kjeldseth-Moe et LL;QIEJB Brynildsen ét[aLi@lﬁﬁﬁ.élLlOﬂ)é Tian et AI_.,AJ)OQ) if
the heated plasma returns to the surface. However, the BHrplaould be heated further, possibly
to coronal temperatures, before it returns to the surfazsifggested ilm,man_&ﬁi)lllp_._lbm).
Further studies will have to focus on tracking the jet plasamedt heated to determine its fate.

This will require both high spatial and temporal resolut@i@servations covering a wide range of
temperatures.

We can obtain an estimate for the amount of chromosphenigstna that needs to be heated

to supply the TR down flows. The technique used is similar &b ith, e.gl Athay & HQIZéJ_(LQéZ),
i I|_(20J)9).

The mass flux of chromospheric plasma is giverFgy= easnsvs, wheree is the proportion of
mass heated to TR temperatukesis the volume filled by the jets\s is the electron particle density
andvs is the up-flow speed of the chromospheric jets. The amounhadnsospheric material
heated to TR temperatures has to at least equal the downvemsl filnx seen in the TR lines, i.e.,
Frr = aTrNTrVTR. The electron density in the TR above sunspots i40%° cm™ .,
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), with typical down flow velocities of 10-30 km's(Marsch et a||., ZQQM; Dammasch ek al.,

), which gives a mass flux Bfir = atr2 + 1 x 1018 cm2s7L.

We have demonstrated tha the chromosphere above the swmspr is more extended and
possibly less-dense than the plage chromosphere. Bedausmission measuteM « n?, we can
provide a crude estimate for the umbral chromosphericreleatensity. Assuming that tempera-
tures and volumes are equal, the ratio of emission in theegiaghe umbra giveEM,/EMy =
(np/ny)?. For the Ca Il emission we finEM,/EMy = 2.1 + 0.5 for heights between 1-2 Mm

1.3-3 ") above the limb. The electron density of jets in @aggions isn, ~ 4 x 10 cm™
j@ 2), henag, ~ 2.5 x 10* cm3. Now n, = ns, hence the mass flux associated with

the chromospheric jets Bs = eas7.5x 1017 cm™2 571, wherevs ~ 30 km s, If we assume that the
up-flowingdown flowing plasma is confined to individual field lines, thba ratioatr/as will be

a measure of the expansion of the magnetic field with heighintated field strengths and changes
in magnetic field strength with heigm 03) gie/as ~ 2— 3. This gives ~ 8+ 4%,

so the heating of only a fraction of the chromospheric jet mplenish the mass lost from TR

down flows.

Downflows are also observed in the Ca Il H data. However, thes¢he result of jet material
returning to the surface under the influence of gravity. Nellows are observed that cannot be
connected with the return of a jet.

The data appears to demonstrate that a numbeffefeint mechanisms are in action to drive the
jets. Large ejections of plasma, distinct magnetic toppkgd apparent re-organisation of the mag-
netic field are observed suggesting magnetic reconnediys p role. The presence of timescales
of 300 s and 500 s also suggest that waves may play a role itaganiof the jets, whether this is

the formation of shocks to drive material upwards (&.g. 11982} De Pontieu et ul., 2(L04) or

driving periodic reconnectiovll_ttl_eggla.mj_el E.L_j ; i I_ZOJ.Id._M_QLa.uthm_eLEI
2012 ).

The evidence for jet events similar to type-Il spiculesisiled in these observations. We see

a few fast moving events with speeds-4Q00 kms? which fall into the bracket of type-Il. The
high-speed jets are only visible when a large ejection eveaiirs, launching plasma up to 14 Mm

in to the sunspot corona.

The reported velocities for up-flows in higher temperatuireed consistently exceeds
100 kms?, e.g.@l]_(z_ﬁlljla). This apparent discrepancy lextwer results might be able
to be explained in a number of ways. In the observations ptedénere, the lack of evidence for
events with rise-speeds in excess of 100 kin®uld be due to the observed transverse motions
obscuring any potential signals in time-distance plotstde jets move transversally across the
sunspot and pass through the cross-cuts leaving an almaigihstliine in the time-distance plots.
We neglected any lines which gave velocities in excess ofki25™ as a precaution. The shear
volume of jets at the foot point also provides a significarstrietion to observing type-Il like
events due to the superposition of many jets. Very fast typeents, i.e., with velocities in excess
of 100 km s, may only exist in Ca Il H for a short period of time before sfgrant plasma heating
occurs. In such a scenario, their signal will be hidden arsbtite forest of jets observed near the
cross-cuts footpoints. Another option is that heated jdiglwfade from Ca Il H are accelerated
and the rise velocity increases with increasing tempegatur
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In conclusion, we demonstrate that relatively slow movetg v ~ 30 km s1) appear to expe-
rience shock heating. While study of the fast moving-(40 kms?) jet events has demonstrated

that the heating of plasma to coronal temperatures may teeiagsd with chromospheric phe-

nomena (e.gL_D_e_P_o_mLeJJ_eJ Mll), the role that ‘slojeeevents could play in generating
heated atmospheric plasma should not be overlooked. It malyi® role is restricted to low level
heating of the plasma up to transition region temperatttesever, even such a low level process
could ‘reduce the load’ put upon type-Il events (or othertimgamechanisms) in supplying heated
material to the transition region and corona of active regio
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Fig. 1: The field of view as observed by Hinode, TRACE and SOHQ Ehetop left hand image
shows the complete field of view for SOT. The black line shdvespiosition of the sunspot umbra.
Magnetic field lines, almost perpendicular to the surfaceamate from the sunspot boundary and
are outlined by the Ca Il emission. The two dashed lines ntelpbsitions of the cross-cuts used
in Fig.[3. The two solid lines mark the position of cross-auged in Fig[b. Theéop right image
shows a sub region of the XRT field of view. The white box maties 8OT field of view. The
middle row shows images of the sunspot at the limb as seen by TRACE 1558tfand 1600 A
(right). The two solid lines in the 1550 A image mark the positionrafss-cuts used in Figl 5. The
bottom row shows the corresponding SOHET 304 A, 171 A and 195 A images. The solid white

boxes in each image mark the SOT field of view.
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Fig. 2: A Ca Il H image [eft) and an unsharp masked version of the image. The magnetidifies
surrounding the sunspot are highlighted by up-flowing pkgts. The jets are launched in groups
along a number of field lines. These discrete groups areigigield by the arrows. The temporal

evolution can be seen in the movie available in the onlinétimd
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Fig. 3: Theleft hand column shows time-distance diagrams take at the gfigf) and right (lower)
sides of the sunspot. The wavelet scales displaying theéegtgzower are over plotted, with the zero
crossings marking the height at which the wavelet was takbe.right hand columns displays

the time-distance diagrams taken from the runnirffedénce movies. The dynamic up-flows are
clearly seen. The position of the cross-cuts are show iflFand the same cross-cut positions are

used for the left and right columns.
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Fig. 4: Histogram of jet velocities calculated from timestdince diagrams. The velocities have a

median value of 2& 19 kms and are binned in groups of 10 kms
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Fig. 5: Theleft column is a Ca Il image. Theght column shows an unsharp masked image of the

same region. The white arrows mark the enhanced emissibe &dding edges of the jet.
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Fig. 6: Theleft column is Ca Il images of a sunspot showing plasma jets andithef potential
magnetic reconnection. Each image is separated in time Bys. Theright column shows the

unsharp masked images.
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Fig. 7: The flux profiles taken above plage and umbral regidhs. 1550 A and Ca Il H plage
cross-cuts are the dashed (green) and dotted (blue) liegsectively. The 1550 A and Ca Il H
umbral cross-cuts are the dash-dot (red) and solid (bléic&}¥,| respectively. The intensity have
been normalised to the largest cous¢s value in the umbral and plage cross-cuts for each filter.
The reduced emission in the Ca Il H umbral cross-cut &’ along the slit is due to the Wilson

depression of the sunspot.
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