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Spicules on the Sun?
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Albsteact

Spicules are the moest ubuiguitous type of jets in the solar stmoesphene. The advent of high-sesolition imaging and
spectiosonpy from the Sferfrce Reglon Dreaging Spec e graph (IRIS) and ground-besed observaionies has revealad
ihe presence of very high apparent modons of erder 100-300km s in spicules, a5 measured in the plane of the
sky. However, line of sight messuement of such high apeads have been difficult o obtain, with values doduced
from Doppler shifis in speciral lines iypically of eoder 30-T0km 5", In this work, we resolve this long-sianding
discrepancy wiing reosnt 250 radistive MHD simulations. This simulation has revealed a nowvel diiving
mechanizm for spicules in which ambipolar dif fusion sesulting from ien-neutral interactions plays akey rola. In our
simulation, we ofien see that the upwand propagation of magnetic waves and clecirical currents from the low
chromosphen: inte already existing spicules can lead o mapid heating when the comenss are rapidly dissipated by
ambipolar diffusion. The combination of rapid heating and the propagation of these cuments al Alfvénic speeds in
exoess of 100 km s™" leads to the very rapid apparent motions, and ofien whelesale appearance, of spicules s
chiomospheric and transition region temperatuses. In owr sinmlation, the observed fast apparent metions in such
jets ane aciually a signamge of a heating front, and much higher than the mass Qows, which are of order
3070 kmis . Our resulis can explain the behavior of mansiion region “network jeis™ and the very high appanent
aponds reported for some chromosphernic spicules.

Ke v words: magnetohydiodynamics { MHD) — methods: numerical — sadistive transfer — Sun: stmosphese — Sun:
chiomosphen: — Sun: iransition region
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What Causes the High Apparent Speeds in Chromospheric and Transition Region

Supprordng seereried: animations

1. Dt poedhctiom

Jets are very common in the selar chromesaphere, They are
mea often detecied s rapidly evolving linear featuses in which
plasma appears o be acoclerated and sometimes hested, with
the bulk of the plasma Bow oflen pencteating into the over lying
and much hotter comona. There B a wide variety of chomo-
spheric jets, inchiding surges, penumbral micnojels, anemaons
jets, macroapicules, and spicules {Raouafi et al. 200865, To fully
understand the impact of these different jes on the mass and
energy balance of the low solar stmesphere, i is key o betier
understand the mechanisns that drive these jes. In this Letter,
wie focus on spicubes, the most commoen of the sola jek, as
they have the lrgest potential 1o inpact the overlying oosona of
sobar wind (Bockers 1968 Adhay & Holzer 1982 De Ponticu
el oal. 2001 Molntesh et al. 2001 During the pest decade,
significant progress has been made to better  understand
apicubes and how they impact the solar simosphere, but key
QUESLNS Pemain.

At least two different iypes of spicules have been reponied.
The so-called type 1 spicules, dentified s dynamic fibeils of
midiles on the disk, show both apparent motions and mass
fows of maximally 10—10 km s~ " and appear o be driven by
magnets-acoustic shocks that form when convective modions,
prmedes or magnetic disurbancss propagate upward into the
chromosphere | Hansteen @ al, 20068; De Ponticu et al. 2007,
Rouppe  van  der Woort el al. 2007 Martinez-Sykora
el oal. 20000, The transition megion fesponse 1o fype 1 apicules
appears i be limited o brightenings at the wop of the spicule

(Skogarud @ al, 20060 The bulk of spicules observed ai the
sokar Limb are, hosw ever, type 1 spicules. These are much faster,
showing  apparent  modions  with maximum  speaeds  of
30150 kms " { D Pondieu et al. 2007 Pereira e al. 2012,
Swch apeeds dominate the spicules seen in the chiomospheric
Call H passband, which reosnt sesulis indicate ane the initial
upward phase of longer-lived spicules that show up and
downwand motion when viewed over a wide range of
chromospheric and TR passbands (Skogsmud @ al. 20051 In
contrzad i type | spicules, dype L spicules ofien appear to be
amagcialed with hesting to & least transition region bempera-
tures (D Pondieu e al. 2004a; Rouppe van der oo
el al 2015 Their shon-lived {~20-505) transition region
counterpans olien appear in S0V and C 1 sli-jaw images (S11
from the frerfioce Rege bnoging Specinegraph (IRIF, De
Ponticu et al. 20046 & linear feaiures that emanate from
magnetic network with even  higher apparent apeads  of
B0-300kms " (Tian e al. 2014 Naang e al. 2016). The
trAnsiton region oounterpans appear o be shorter and slower in
quict Sun than in ocoronal holes, presumably  bocause of
differing magnetic feld confipurations (Marang e al. 2006
Such high apparent spocds have also boen found in ode rupper-
chromospheric lines suwch as Lyo (Kobae e al. 20060 Thene is,
howevier, a large discrepancy between these high  appanent
aponds and the actual mas fows in spicukes a5 dedwosd from
Coppler shift measurements. For example, the  on-disk
chromospheric counerpans of dype I apicules ae rapid
Blucshified events which show typical Doppler shifis of
-S0kms ' (Sekse e al. 2012, 2013). Similarly, Doppler
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shifl measwrements in ransition region lines of apicubes show
velocities up 10 only S0-TO0kms ' (Rouppe van der Voon
ol al 2005

The viewing geometry could in principle explain some of the
differences betwoen the appancni motions, ofien measumed a
the limb, and Doppler shifis, dypically measured on the disk.
However, the fact is thai Doppler shifis of 100-300km s " are
cxtreme by wne ommen on the disk and they would be expectad
if the plane-of-the sky motons wene real mass motions. More
impertantly, the fRIY observations of the apparent and real
mizss motons of transition region countenpans of spicules {Tian
e oal, 2004 Bouppe van der Voort et al. 20050 ane both on the
disk, Le., with similar viewing angles. These differences thus
appear b0 e peal and nod casy o explain, thus providing strict

[ E=

consirainis for any theoretical model of spicules. A noltiude of
theosetical models have boen developed in the pas, bat wnail
recently no single model has been able o sinulianesus]y
cxplain in detail the uhiguity, dynamic, and themal evolution
and visibility and appoarance in vanous chmomospheric and
transition region observables (For a review, see Sterling 2000,
Fairopoula el al. 20020 Hene, we expleil a recent numerical
il based on 250 radiative MED sinuwlations that proposes
that type I spicules occur when magnetic tension, creaked
through the inemction beween strong fux concentrations and
wieaker, pranular-scale, magnetic ux  concentrations, can
diffuse inte the cheomesphene threugh ambipolar diffusion. In
the chromosphene, the sudden relesse of ension drives strong
Mo s and jon-newtral ineracions lead 1o heating of the spiculay



Tue Asveorn yacal Joumsen Lormms, 24907 (Tppl, 2017 Movesnber 1

fOr EL S TRD

Figure 2 Spoce—pme ovobeios of o wop vies of 550y (i FRE Do Mesrnbers
o sacoed ossssringy ther sigmal woeld coner mn TR pavell of 07 166 = 0 164)
roen o 25 F raduove MHLY seraclamnos reveaks Do pei-hke fenners (meade the
dipkerd ke ovalks) dhar pacpagone of Bagh oppamsl spesds an g G305
G m D055 Bfonp o] an o e 80 5 (0w D303 Bl wel by sl oo spete s
b ostem g obecnvomoss (Rghem 1) These s doin om olrendy oo soeg
spacichs (iwloe spoce—oen e park ks ot lemed vk doded ke parabodas ). e
vt il mobd bimes am e Eeamces showm B Fgeres 3 oosd 4 The phot B
e om0 pofp v O o sl meom sbeovv e i e e e e oooindlimane s
e e s i body fieres

plasma {Maninez- Sykora et al. 201740 We compane the model
predictions with observations from fRIS.

2. Ob=er vatlons

We use IRIS 1400 A SI1 of an on-disk plage region (NS
AR LR centered ai [z, v] = [383, 124, with a feld of
view of 19 = |27, The observations were taken on 2003
August 4 LR3E-1 1A UTE. fRES was in sitand-stae maosde
(RIS OBS-ID A043007648) taking only ithe 1400 A 811
pasaband images with cadence of 5,65 and exposure time of
45 We use level-2 IR0 data that was cormecied for Hal-fekl
dark  cwrent, goometry, and co-alignment (e Pondicu
el al 2014k

3. Slmulations

W compare our obscrvations with a numerical simulation
that uses Bifrod, a radiative MHD oode (Gudiksen e al 20010
This cede solves the MHD equations  including radiative
transfer from the photsphere W oorona (Hayek et al. 2000;
Carlsson & Leensans 2002 and themmal conduction aleng the
magnetic ek, We also include on-neutral interaction effects
by using the Generalized Ohm's law, e, by adding the
ambipolar diffusion and Hall term do the indwction equation
{Martinez -Sykosa et al. 2002, 2017k

e Poembse, dormise 2-Myior, & Chesie oo

The simulation analyzed here is the 250 radiative MHD
midel  described  in detadl i Martinez-Sykora @ al
{201 Ta, 200k The numerical demain ranges from the upper
layers of the convection zone {3 Mm below the phoiosphere) o
the seli-consistently maintained ot cosona (A0 Mm above the
phaodosphenz) and 90 Mm along the horizontal axis. We use this
panticular model because it is the first Bifrost sinulation in
which type 11 apicules cocur uhiquitously. Martinez-Sykosa
el al (201 7a) show that ambipelar diffusien plays a dominant
role in the formation of spicales. To compane our sinmulation
with obscrvations, we caleulate the synthetic 510 inkensiy
assuming equilibrivm ionization and the optically thin approx-
imation, similar to the methods used by Hansteen o al. (20100,

4. Resulis

Messurements of apparent mations of spicubkes i the plane of
the sky reveal a wide range of welocities, with the highes
vielocities reoorded in JRES SI1L These are sensitive o emission
from kower transiion region lines like C11 1335 A (811 1330 A)
and SiTv 14024 (SI1 1400 A Previous sesuls indicate that
velocities of 80-250kms " (Tian @ al 20010 are common A
statistical study shows that appanent velocities of up wo 350 kms ™
are spmetimes soen with clear differences between oosonal hole
{190+ 60 kms ") and quiet S (110+ A0 kms ") spicules
{Marang e al. 20060, Such fag maions in spicules alsoe ooour in
active megions. Figure | shows two cxamples of spicules (kefi
panchk) that emansie from stong magmetic s concentrations in
plage & ohservid inothe JRE5 511 1400 A channel. The spEce—lime
evolution {right panck) of these owo different spicuks show
similar behavior, We see very rapid {ie., almost vertical in the
spmce—time plod) linear brightenings {red in the right panels) that
ahoot oalwarnd from the spicule footpoint. These fas appacnt jes
appeear k accur aleng an exising spicuke and oover the full lengih
af the spicule (~41", Le, 3 Mm) within a few e of seconds. The
previously exising apicule is soen as a very faim (node the
keparithmic intensity scalke in the right pancls) parabolic path wit
a lifetime of ~ 10 (opiand 8 (hoitom) mindes. Most apicules do
il show such clear parabolic profiles in space—dime plos derived
frosm JRES slitjaws. In those cases, the only observed featmes ane
thee rapid apparent jets This s espaecially the case inquiet Sun and
coromal hole spicule observations. The sl apparent jes ane
sqimnetimes repetitive, with lingar brightenings recurring along the
same spicules {the bottom panel of Figuse 1

Similar behavier is soen in the synthetic transition fegion
observables calculated From ow numerical simmlation. Uppser
chiomospheric and transition region observables reveal the
presenos of linear feamres with very fasl apparent modons
aaocialed with the simulaied spicules. The example in the
apace—time plod of synthetic 8in 1402 A intensity in Figure 2
reveals two very fasl appanent  jels thal  appear  almost
consecutiviely, one next io the sther. These appancn jels oocur
an an already fully evolved spicule which is “filked™ along s
whaole lengih with a srong Sy 1402 A brightening within 10
seconds. The frst event is al o= [139, 154 Mm, and
fes B50s and the second event B at o = [11.2, 13.6] Mm,
and 1o GR0S. When soen from above (op view along the
negative f-axis), these linear featunes would show spoads of
moughly 150200 km s . When viewed from a line of sight
that is perpendicular to the simulaked spicules, the appanent
metions woukl be even faster (200-300 km s ™). Our simula-
tiens show that the apparent et {observed in TR lines) oocur
aropuid the time of the maimom extent of the chiomospheric
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apicule {visible as parabolic paths overdrawn in Figuse 23, ie.,
when the chremosphenc mass Bows are already nuch reduced
fof order =20kms "y compared 10 the very high chromo-
spheric mass fows fup o0 T0kms™") during the inital
acccleration of the jei Ad the time of the eccurmence of the
R counterpans, their apparent spoeds ane thus much higher
than the chromoespheric mass Bows.

The cause for these appanent Si 0 LA02 A ek B elucidated
by Figure 3 which shows the temposal evolution of the
temperaige and the synthetic Sin 1402 A intensity. In the
cenmier of the domain (@ = 12-14.53Mm, we can see two Tully
developed spicukes thal undergo very rapid thermal changes.
The :‘q’!lil.'llll.' located on the lefi-hand side 0 12=14 h‘]lt'l:l
shows an increase of S50 inensity from is footpoint owand
the wp, all aleng the right side during the time range

= G680 s, This sudden ncrease in wansiion region
apeciral line inensily B caused by a themal penurhation ithai
propagaies upwarnd along the spicule and iravels roughly 3 hMm

in abouwt 10 te 20s e, with a propagation spoed of

150300 km s ' along the apicule (Figure 330 This heating
front i bocalized inoa very nammow region within the apicule and
leads o 4 significant increse inthe 51 1402 A intensity. The
propagation spead of the heating frond is much Faster than the
aciual mass Mows at this time. The spicule on ithe right-hand
side of Figure 3 similarly shows a rapidly propagating heating
front that causes the earlier apparent jel that B visible al
1= l4-16Mm in Figuse 2.

In our simulation, the appearance of these linear feanines
wilh high apparend propagation spoods B caused by the
folkow ing mechanism. Afer the simulated mpe 1 spicukes ane
already fully formed, the low-density spicular environmend
causes the collsion freguency between ions and neuwals o
drog, resulting in strong ambipelar diffusion along the spicules.
Meanwhile, in the phoosphene below the spicule, magnetic
cnergy is buil wp due o the conveclive motions. Large curments
in the upper photesphere ae soen in med in the bottom row of
Figure 4. Eventually, these cuments escape into the choomao-
aphene. For instance, see the cument on righi-hand side of the
left spicule between r = [G60, GR0] & Thewe cleciric cunments
propagaie along the magnetic feld = Alfvdnic spoeds, driven
by wension and for ransvierse waves, The map of Alfvién speeds
shown in the top panel of Figune 5 reveals values bemwveen 150
and A450kms~" within the spicuk. Because the ambipolar
diffusion is a0 high along the spicule, the magnetic energy is
dissipated on very shon dimescales {a few seconds), The
heating from ambipolar diffusion is shown in the top row of
Figuse 4. This strong heating incresses plasie Lo perainges
from cheomosphernc (~& = 10F K) to upper -chromosphernic o
iransition fegon temperaires (HF-10F K on shon dmescales,
e, between r= 660 and &R0 s for the lefl spicule. Similar 1o
the imensity and lemperause maps shown in Figure 3, the
heating and cument are very collimaed and localized inoa verny
nawr o region along the spicule fo 100 km) The cause for the
high apparent apeads B ilustrsted furter in the bottom row of
Figuse 5, which shows a space—time plod aleng the length of
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fand summed across) the two spicules. The frsl apparent jel
oocurs in the right spicule {f = 6305) and 5 assocaied with a
strong curment and asociated heating front thal causes a large
increase in Sin 02 A intensity. The second apparent jet
follows a similar scenarnio and oocus & r = 6705 in the lef
spicule sl somewhal greater heighs, These fimescales, spocds,
and synihetic observables all are in apreement with the
observations {Tian @ al. 2004, Narang o al. 20060 We note
that this is noed the enly possible cause for fast apparent jes ai
iransition region temperaiunes. As mentionad, the initial vielend
acceleration of the spicule often involves mass motions of oader
T km s~ " thus, it is possible that the hw-end of the reponied
vielocily range is associaied with real mass motions. However,
our results sugpes that the bulk of the very high appanend
apoods are likely caused by heating fronts that propagate ai
Alfvinic speods.

E, Discussion and Conclusions

Oy resulis supgest that Fast apparent motions seen in linear

features thal appear o b the transilion region counterparts of

apicubes (Tian ¢ al. 20040 are often ned caused by neal mass

medions. Insead, these motions in the plane of the sky ae of

onder  [O0-300km & and may be caused by the rapid
propagation, al Alfvénic speads, of heating fronis. A detailed
companison with our 250 radiative MHD simulation indicates
that these heating fronts are an indegral pan of the spicule

formation process and caused by the rapid dissipation of

cleciric cumrents thal propagate from the phodosphere through
the spicule inwe the cosona. The dissipation mechanim is

drivien by the collisions bemween ions and neutraks: inothe kw-
density spicular envirenment, the jomn-newiral oollision fne-
quency is significantly decressed leading 1o slippage between
the jonized and pewral panicles. This slippage causes
dissipation of cuments and subseguent heating of plasma.

Owr simubation can explin  te well-known  misnaich
between the spoods messured  from imaging  timeseries
(100-300km s ') and spectroscopic mesuements of Doppler
shifts {= 100 kms ") I also suggests that the linear shape of
such features, ofien taken as a signamre For the presence of a

jet, may be misleading. In our case, the linear feamre forms

bocause plasma is hesied along an already fommed jet, but the
rapid formation of the linesr feaiuses is ol necessarnily
aaocialed with the formation of the jet. This means that the
observed motions ae nod caused by mass motions, which
impacts the estimated mass and kinetic energy fux that these

jets may provide inks the solar wind (Tian ¢t al 20040 Our

resulis ned only provide an explanation for the mapid “network

jers” observed with SR (Tian e al. 2004) but could also

provide an explanation for the mapid wpper-chsomospheric
sipnals that hawve boen recentdy obscrved with the CLASP
rockied instroment (Eoubo et al 2001865

e excellent maich between e simulation and observa-
tisns  provides mose  suppont for the  spicuk  foemation
mechansm proposed by Maninez-Sykora e al (201 7a) This
il propeoses that apicules foom when ambipolar diffusion in
the low chromosphere allows magnetic felds, resuliing from
the interaction betwesn strong network o plage felds and the
ubiquitous, wesk, granular-scale magnetic fields, o emerge
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i thee upper chesmosphene, The subsaquent vicknt release of

miagnetic tension dr ives strong mass ows and heating when
the asaociated electric cumenis ane dissipated. The heating
produced by the dissipation of these cuments s signifcant and

could podentially play a subsiantial role in the enerey balance of

the chromesphene. Further studies will be meguired to detenmine
whether spicules (o “sraws™ indeod play a substantial fole in
heating the chromosphere a5 tentatively suggested by Cauzzi
el al. {2008,

O results show that thee are indeed strong mass motions
cased by ejection of spicular makerial along fux iube-like
featwres. The fasi apparent moetions in some ohservables are
caused by vigorous heating from the dissipation through
ambipobar diffusion of wpward progagating electrical cusrents.

Or resulis thus indicate that cheomosphernc spicules or their
transition megin oounterparts do nod appear o be caused by
random superposition of warping of cument sheats along the
line of sight (as sugeesied previously by Judge e oal 20010,
Deespite the complex and large variety of physical processes
included in this simubation, it suffers from cenain limitations
which one st address in funther studies. This model is
limited o only 25 spatial dimensions and  assumes  that
Hydrogen and Helivm jonization are in statistical equilibrium,
whereas in the chromosphere both are far from statistical
aquilibrium (Leenaans e al. 2007, Golding @ al. 2004, In
addition, the generalimed Ohm's law s based on limiting
amanmplions which may beeak down in the dynamic spiculay
cnvirenment: a full muoli-Auid approach will provide further
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insight inis the mole of jon-newimal ineractions in spicules
Finally, while the numerical sesolution is high enough 1o
properly weat the ambipelar resistivity, the lack of 3D trestment
and reselution means that we canned exclude the possibiliy
that the scual dissipation mechanism driving the hesting fronis
is intimately connecied 1o dissipation of Alfvén waves, eg.,
through the Kelvin—Helmholiz insiabiliy (Anielin e al. 2015).

MBI is a MASA small explorer mission deweloped and
operated by LMEAL wih mision tions execwied a1
NASA Ames Research center and major contributions 1o
dowenlink communications fundsd by ESA and the Nerwegian
Space Cemre. We gratefully acknowladge suppon by KASA
granis NRX]LANGRG, NNX IGAGHRT, and NASA coniracts
MEMOITAADC (Hinede) and NNGIFEAADT (RIS, The
simulations wene run on clsters from the Netur project, and
the Pleiades clusier through the computing project s 1061 from
the High End Computing (HEC) division of NASA. Snapshots
from this numerical sinmulation {enff014_gol) are publicly
available & pant of the MRS medeling archive. Details can be
found athitpe/ firis Imsal com /modeling. himl. To analyze the
daita, we used [DL.
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