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Albsteact

The roede of tpe 1 spicules in e corona has boon a much debated topic in recent years, This paper ains 1o shed
light on the impact of tpe 1 spicules in the corona using novel 250 mdiative MHD simulations, including ion—
newiral interaction effects with the Bifrost code. We find that the formation of simulated orpe 1 spicules, driven by
the melease of magnetic tension, impacts the ooroma in vanous manners. Asseciaked with the formation of spoulks,
the coronaexhibits | 1) magneto-acoustic shocks and fows, which supply mass o coronal kops, and {2) ransvarsal
magnetic wavies and electric currents that propagake sl AlPvén speeds. The transversal waves and eleciric cusrants,
generated by the spicule s driver and lasting for many minotes, ane dissipaed and heat the associatad loop, These
comples interactions i the corona can be connected with Bheeshified secondary components in cononal speciral
limes { red—blue asymmetnies) observed with Hisede (ELS and S0580S5UMER, as well as the ELNY counterpan of
ype 1l spicukes and propagating coronal disiurbancss observed with the 171 A and 193 A S AlA channels.,

Ke v words: magnetohydrodynamics { MHD — methods: numerical
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1. Dt poedhctiom

Highly dynamic chromospheric jets thal permeate the oorona
are one of the most common feamres observed al the solar
limib., Conseqguently, given their cocugrence rate, tey have been
sugpestod & contribuless 16 cononal heating and /or &5 posaible
drivers of the solar wind {e.g., Beckers |98 Athay &
Holzer 1982 De Pontiew e al. 200 1 Mclmoshetal 2001; De
Ponticu @ al. 2007, When seen ai the limb, such ek are
named spicules. Two types have boen olservationally identi-
fied D Ponticu ¢ al. 20074 Taimpouls ¢ al. 2002 Peeira
et al 20045 dypse | spicukes are ohserved & have melatively slow
rise velocities and small heighis, type 1 spicules appear 1o rise
much more rapidly and ofien extend 1o heights of & leasi
= L0 Mm. However, sinoe the exact namre of type 1 apicules
has been  undmown (Maninez-Sykora et al 2007, ther mass
and energy contribution o the corona has o far nol been
proper by addressed. Henoe, whether {and how much) typs 11
spicules confribule or impact the cosona anmd for solar wind is
under ongoing, vigomous debate (g, compan: with Madjaska
el al 2001 Klimchok 200125

Spicules ane an observational phenemencn in which many
different complex physical poocesses appear 1o be al work. In
the current paper, we lake a brosd approach & the problem of
understanding coronal heating associaied with apicules. We do
nad limid ourselves e a simplifying scenano in which ad-hoc
advection of expanding gas along a single field line dominaies
the enerpetics of apicules {Klimchok 2002; Klimchuk &
Bradshaw 200147 Instesd, our sesearch takes a booaders
approach by studying the coronal heating associaied with
self-consistently generated featuses that show many similaritices
with ohscrved propenics of spicule by using a 250 madiative
MHD numerical model. This medel includes  ambipolar
diffusion, which is a key prooess for the fommation of iype 11
apicubes (Martinez-Sykosa et al 2007, We thus continuwe the
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solar physics community's guest to understand how much
coronal heating is associated with apicules {see also, eg.,
Tairopouls ¢ al. 2002 Percira et al 2004, and refenences
therein). Some known ohservational consrainds and propentics
of fpe 1l apicules ane lsted a5 follows. These jets seach
vielocities of [40-150] km s~ " and heighis of ~ 10 Mm prios i
falling back some 3—10 minuies afler teir st appearance
{Perciea e al. 2004 Skogsd e al. 2005 In contrast o type 1
apicules, some of the cjeced chiomosphernic plasma of type 11
apicubkes i often hesed 1o wransition region (TR) emperaiunes,
These fore, these spicules observed in the chromospheric Call
H line, eg., with the Solar Oplical Telescope on boand
Hineete (80T, Tauneta et al. X8, ane fypically shos lived
{12 minuies), wheress type 1 spicules observed in hotier or
more opague chromespheric lines such a5 Mz U or TR lines
auch & Si 1V observed with SRS (D Pontiew et al. 200145), are
lomger lived (3—10 minutes),

Type Il spicules have boen sssocisiod with varous TR and
coronal obscrvables, Thelr on-disk countenpans, so-called
Rapid Blue-shified Events (RBEs), ane associated with bright-
cnings in EUY apectral lines thal are sensitive to plasma at TR
and coronal temperamnes (O Pontiew ¢ al. 201 1) &5 observad
with the Admospheric Imaging  Assembly  (AlA, Lemen
el oal. 20020 on board the Sedar Dwiennde Ofserverory (S0
{hut consider also Madjarskaet al. 200 1) Transition region and
cononal apeciral lines observed by the Estreme-ultsviele
Imaging Specirometer (EIS, Culhane e al, 20077 o beand
Hineete show blueshified seoondany components that could be
associated with type 1 spicule dynamics {eg., De Pontieu @ al.
200k Mcolntesh & De Pontiea 2008k Bryans et al. 2000;
Peter 2000, These festures have nevenheless not boen
conclusively connecied fo fype 11 apicules. More recently,
Progagating Cosonal Disturbances (CD&) have boen linked 1o
type Il spicukes (Do Pontiew o al. 2007 Their ohservations
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show that coronal loops ane foemed and exist for many ens of
minules  in asaociation with spicuks. To inerpret  these
obscrvations, reoend models of iype [ apicules (Martinez-
Sykora et al 2007y wene used. This radiative MHD model,
beded on the Bifiost code (Gudiksen et al 2001, self-
consistentdy generates jets thal mesemble type Il spicules. In
the current papern, we sudy in greater detail the impact of these
simulated type I spicules on the corona, Our resuls show that
the complexity of ow 250 MHD model invalidaies many of
the simplifying assumpiions made in previous modeling
altemipts W address the coronal impact of type 11 apicules
fe.p., compane the resuls of this paper with those of Klimchuk
& Bradshaw 2014 and Pewalia e al 20143

Type U apicules ane also associated with vanous types of
waves that coukd, in principle, alse contribuie ke the driving of
the solar wind and hesting of te comona. Spicules show
torsional Je.g., De Pontiew e al. 2002, 20044 ) and both low and
high frequency wansversal motions (De Pontiew e al. 2007k,
Okamoto & De Ponticn 2001 Srivastava et al 20070 These
studies provide eaimates of the wave enerey associated with
apicubes and it B claimed that waves cany enough energy flux
imde the corona to power the solar wind (De Pontiew @ al.
2007k Melntosh et al. 200 1 However, it is unclear how this
wave energy s generaied and for dissipated. Undil now, we
have nod had access do realistic models for the generation of
magnetic waves in spicules. In this paper, we use the Martinez-
Sykora et al (2017) model 1o shed some light on these isswes.

Oy ey ant with a description of the numernical models
{Section 23, Section 3 details our results where we first describe
TE. and coronal synthetic ohservables associaied with the iype
Il apicukes {Section 3. 1, and determine the widih of the cononal
losppes, formaed in association with the spicules (Section 3.1.10.
We alsy analyre the flows and shocks that penciraie inio the
cofona (Soction 320 & well as te mass and cnerpy deposibed
i thee cormna (Section 3.3). We investigate the causes for the
widths of the spicule-associaied omonal loops and also the
heating ditribution  along e loops {(Section 33,1 and
Section 343, We finish with a discussion and conclusions
{Section 4).

2, Simmulat bon

We wse twoe wypes of 25D adimive MED  numerical
simulations, both hased on the Bifrosd code {see Gudiksen e al.
2011 for details on the numerical inpeme niation and validation).
The numerical methods implementsd in s simuolations ine de
radiative wansfer with scattering  (Skanlien 2000;  Hayek
el al M1 Carlsaon & Locnsaris 20120, and thermal conduction
aleng the magnetic field. The numerical domain in bod
simulations is identical and covers a region Prom the upper layers
of the comvection zone (down de 3Mm below the phoosphere)
indis thee oorona (up ko A0Mm above the photesphens). The spstial
resolution along the venical axis B nonuniform and ranges from
12 km (from the comeection: @one 1o the TR shwly increasing
with height o &9 km (in the cosena). The domain exiends 96 Mm
in the horizonial direction with a spatial sesolition of 14 lan. The
cerpy fux cntering the botom of the computational domain and
the chemical compasition of the mode] &5 se1 16 solar vahies, The
only fee parameer in thes simulations & the inital disributon
of the magnetic field In bah cases, there is no new magnetic fux
injected &t the Jower boundary and we have soedod two main
opposile  polarities of plage o enhanced netwark with an
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unsi gned magnetic feld of 190 G, These eeions ae connectad
by 500 M bong koops. In particularn, in boh of these models, the
hat corona i self-consisently maintained, despie the consirains
inherent in 250 dymamics, Previous 2D simulations with a
amaller numerical domain requined the addition of ot plae™ ai
the top boundary o maintain comonmal temperauses doe 1o their
amaller mumerical domain and for bk of ability 10 resolve
varius smll-scake processes (Mantinez-Sykora et al. 2017

In thee “Cremeralized Ohm's Law™ §G0L) simulation, we have
includiad the effiects of inemctions beoweon ons and neutrals in
the panially ionized chromosphere by including  ambipolar
diffusion through using a GOL in the induction eguation
Cowling 1957 Braginakii 1965, ln this sinulation, jets that
resemible type Il spicules ane formed uhigquitcusly, a5 a resull of
ambipolar diffusion fe.g., see the example shown with the
arrony in the left panel in Figure 1) In contrast, simulations
without ambipolar diffusion, Le., the “noen-GOL" simulation in
Maninez-Sykora e al {2007, & well as previous models
{Marninez-Sykosa i al. 2013, Carkson et al. 20087, typically
s st prcduoe type 1 apicubes, o if &l all, only rarely. Unless
olherwise noded, we will refer o the GOL simulation when
diesor ibing the impsct of type 1 spicules on the corona. Figuse |
shows that the chromesphenic jel and sssociated hod Joop ane
ot always perfoctly aligned aleng the same fGeld lines. This is
bocause the various coniributing mechanisms for the heating
and PBows (Le, comens, waves, Bows, and flses) do nod
always ocour along exactly e same magnetic feld line.
Instesd, they coour on a range of magnetic field lines that either
s thoough o oocur ina close viciniyy of the chromospheric
apicule. These feld lines ane all couplad topether and connectad
i the driving mechaniam  that generates chromospheric
apicubes. The varying spatial relationship between the cumments
and Aows is caused by variations in which field lines nelease
tensien  and  cany  cwrents  (see also Martinez -Sykosa
e al 2007y The spatial offses between the vanous oondribut-
ing mechanisms are guike small and difficali 1o resolve ait the
apatial resolution of curment coronal instruments | =1 acsec)

We brcfly summarize the main melevan resuls on the
generation of type Il spicules {see Maninez-8 ykora et al. 2017
fio dietails): simulated fype 1 apicules ane deivien by at deast twoe
different processes. { 1) One process & the elease of magnetic
cnergy, which has boon built up by convective motions near
magnetic fux concentrations, such as in network or plage
regions. In such regions, the convective madions can imjpose
substantial ension on the magneiic field. This ension often
“lifTuses” away from negions whene the gas pressure dominstes
(e, where plasma beta, 7 2= 1), toward regions whene (# = |,
higher in the atmesphene. Ambipolar diffusion is the process
that helps to move this magnetic field trough the photsphere
and lower chromosphere. Al e same time, ambipolar
diffusion helps 1o spatially confine the magnelic ension 1o
thin layers, When this magnetic field evenually neaches heights
where (7= |, the magnetic tension is relemed inoa similar
manner &5 the whiplash effect, which gives rise lo pressune
pradiens and therehy acceleraies plasma. (2) The other prooess
i5 when magneio convective mastions periurb the evarlying and
highly bent magnetic field, producing magneioacousic waves
travieling almest parallel i the surface. Onee the shock reaches
the highly bent magnetic beld @i heights where 3 = 1, the wave
medie changes, and in combination with the release of some of
the wension from the highly bent field lines, leads io the
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formation of the jet and Alfviénic waves The example shown in
this work (Figure [ is this second case. In bodh cases, the
formation mechanism causes a magneloacoustic shock, which
in i peoduces chromeapheric jets, reaching velocities of
50100 kmi 5", These shocks pass through e chromosphere
in only a few ens of scoonds. The chromoesphernic sipnaiune of
these shacks is found as shon-lived RBEs in the line wings of,
e, Heo oand Ca 1 (Rouppe van der Voom er al. 20080, In
addition 1o magnetoacoustic shocks, the relesse of magnetic
tension and mode conversion drive high- freguency teansve rsal
waves thal propagate inde the corona. Within a imespan of a
fewy minutes, cool chromosphernic ¢jected material is heaed by
the dissipation of curfenis via ambipolar diffusion w0 TR
temperates, in brosd apreement with the observations of
Perzira et al {20014 and Skogsrud et al. {20151 The conmonal
imipenct of the spicules s the same for both processes that deive
the spicules.

1. Resulis

An obvious cutsanding question io the study of Martinez-
Sykosa et al (2017 addressed in this paper is, what & the
impact of type U spicules on the corena? B fore describing our
resulis, we lis the TR and coronal synthetic ohservables of the
simulated type 1l apicuks o see whether they fulfill the
consirains derived from observations, such as these lisied in
the Intreduction {see alss De Pondieo e al. 2007, For this, we
calculae synthetic TR (C v 1548 Ay and cosonal apeclyal
profiles (Fe X 184 A, Fex1 195 A, and Fexiv 211 &), ssum-
ing ienEation o satistical equilibriom, the optically thin
approximation as in Hansteen o al. 20000 and coronal
abundances (Schmele @ al 20120, These profiles have been
inde grated along the verfical axis, Le, a5 seen from above.
Aulditionally, we have depradied the synthetic profiles @0 the
Hinewte (EIS spatial (1" per pixel) and speciral  sesolution
{~25kms ") (Figure 21

F0. Observerdfes ool Covsrrendngy

Many obscrvables are associaied with the type Il spicules in
all of the syntesized TR and coronal spectral lines. This is

illusirated with Figure 2, which shows the todal line indensity,
the Dogpler shift, the line widih, and the BB-asymmeiry in the
fiour mows from dog o boltom.

Al the beginning of the chromespheric ejoction, all four
synthesized speciral lines show a brightening in intensity {logp
o, 1= 68 Mm, r= 121051 In the panicular case shown
here, the synihetic FeXiv 211 A inkensily is too faind o be
obscrved with Hiwwde (ELS, i, only ~5 = [0 L
{pame | {003 On the odher hand, C 1V has enough intensiny to be
observed with SOHO/SUMER and FeX 184 A and Fexn
195 A with Hinode /EIS kg & the obscrvalions are
inde grated over exposure times of ~1, 5, and = 30 seconds or
mone, espectively (panck (AR CH. The varous simulated
apiculkes provide a range of inensiies al the  difficrent
wavelengths, and in some cases  we  find  swonger
Fe %11 intensities {up o 300 ergpom & Yar ™"y and weaker
Fe ¥ than ihe example shown hee. These values are
comparable 1o those in QS by Brooks el al. 20080 and
hariska {2013)

Lopking at the imensity observables in the coconal lines
{Fe il and Fe X, pancls {C) and (D in Figure 23 one can
distimguish two different beightenings, or PCOs, propagating in
time and sssociated with the spicules. One of them & a “show™
PCD, which st r = 12104 isal x = &8 Mm and a1 r = [300 s
isat s = & Mm {see the amow in panc] (). The other one is
Faster, and appears a5 an almest horizental inensiy brighiening
in Fexll and FeXlv at r= [230s in the region 1= |58,
GRIMm jamow in pane]l (D0 As described i detail in
Sections 3.2 and 3.3, these observables are a consoquence of a
combination of a magnele-acoustic shock, (meal) Gows, and
heating proossscs.  Further details of the synthetic PCD
obscrvables are discussed and used 1o intenpren SO0 A LA
ohservations in De Pontiew et al. (2007

The synthetic coronal and TR Doppler shifis show only
minimal changes (second row) in the spiculke location, with the
exceplion of C1v and Fe X1V, which show blusshified profiles
at the stan of the chromospheric gjection. The lack of Doppler
shift variation for Fe X or very weak Dopplar shifit variation for
Fe % are due i the line-of-sight integration and alo pantially
dwe b the relatively Jow spatial sesolution of the Hisode /ELS
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insrwment. Consequently, tene B more ackpround emision
in the corona akmg the line of sight so that the Doppler shifis
are dominated by the background. In this panicular simulated
apicude most of the Fe X 211 A synihetic intensity (Figure 2)
comes from the apicule and very linle, if any, is from the
overlying and swrounding plasma nod associaed with the
spicules due o the fairly ow coronal temperaiure in this moede ]
Consequently, the synthetic Doppler shifi s derived for the
el pan from the spicalar velocities and does not have other
podsible contributions. Similarly s the synihetic 8i v shown in
Mantinez- Sykora etal (2007 the spicule provides a very large
contribution W ihe synihetic intensity, despite e LOS
inie gration and pixel sesolution. Therefore, we find a large
signal in the CIV apecial lines and in general for all TR
apeciral linesy, in bodh Doppler shift and sed—blue (RE)
amymmeiries. Inthe botiom row of Figune 2, we present the RE
mymmelies caloulated following the same approach as that

used by De Pontieo @ oal. (20059 which interpolaes in the
wavelength axis using spline. We tested the Klimchuk e al
(20060 inerpolation methed (noed shown here), and  the
calculaied BB asymmetries do ned differ from the one using
apline interpolation shown in Figune 2.

All ihe speciral profiles become up 1o twoe times brosder
compared 1o ther sumroundings s the location of spicule
acceleration {thind row), Similarly, observations ako show
nenthemal beoadening in spicules of ELY spociral lines {e.g.,
Melntosh & De Pondico 20080

Dspite the Jow mesolution of Hignede/ELS, one can still
capiure small-scale fows by applying BB asymmetny analysis
fe.p., De Pontiew et al, 2008 Melntosh & De Pontieo 20065%a) or
double Caussian fting (Peer 20000, As for Fe Xy, BB
aymmeties in Figure 2, forthis panicular case, ae very small
aince mosi of the emission B very localized within the
maocialed apicular plasma. The synthetic FeX and Be X1
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apeciral profiles reweal a blusshified seccondary component ai
the location of the type 1 spicale and, for te fust time, the
synthetic BB asymmetries ~ 5% are roughly in agreement with
obscrvations (e.g., De Ponticu et al. 20050, Peter 20000, ndeed,
previous models did not reproduce sufficient BB asymmeries
(1% Martinez -Sykora @ al. 200 1) dwe toothe lack of fype 11
apicubes. These BB symmeies ane a clear signal of mass and
cnergy injected inde the corona due the combination of a
magnetoacousic shock and meal fGows, as detailed in
Section 32,

The second spoctral component in the TR line (C Iv, panc
{80 in Figune 23 is found at lower velocities [40-60kms "] &
companed 10 the coronal lines [70-90kms "] {Fe X, and Fe x11,
pancl (M) and {00 This is due 1o the acceleration of the
plasma & il expands into the corona. This symhetic observa-
tional progeny and the messuned speeds are in agreement with
obscrvations (Melntesh & De Ponticu 20000 We took into
acooun apatial mesolution and instremenial brosdening of the
spaciral lines sinoe they impsct the intensity and lecation of the
secondary component (Maninez-Sykora o al. 20110

Could sapicules provide enough coronal emssion io give any
signal in he coronal S8 CALA chamels? The synthetic
Fe X 1844, Fexil 193 A, and FexIv 211 A intensities asso-
ciated with the spicule are roughly &00, &, and 107" 500 (A LA
DN s~ ", mespectively. Conseguently, the sinmlasted spicule
provides  encugh  synthetic  indensity  contribution  from
Fe % 184 A fo be caily observed inthe 171 channel For the
193 SId3/AlA channel, the Fexil 193 A inensity coming
from the spicule & much smaller than from Fe X Acconding o
these results, it is very unlikely o see any Be X1 contribution
coming from the spicule in the 193 5000 ALSA channel where a
typical coronal hele and quict Sun produce something like 9
and 100 DN s ', respectively. Despite this, nnning differences
should be abke 1o eveal the intensily variations coming from
Fe %11 193 A. This is in accordance with De Pontieu et al's
(2011 conclusions. Finally, synthetic Fe X 211 A inkensiy
coming from the spicule {and any in this sinmlation) is (oo
amall 1o provide an appreciable signal in S04 (ALA channel
1A However, this mosde] has a cool oorona for an active
region and is limited toa very specific beld configuration, nede
that edher mose active egons eveal BB-asymmetries in hot
limes such as Fe 30W {De Ponticu et al. 20000,

AT Loep Widrh

Fecem observations with HioC {Kobayashi et al. 2004)
sugpeest that we may nesolve the widih of many of the cononal
lopges, (- S00- 1500 km  Peter @ al. 20013 Aschwanden &
Peter 2007, which ae comparable o photospheric granulation
scales (500 km) { Abramenko et al. 20023 This, accesding 1o
Aschwanden & Peter (20017, suggess dhat the heating
mechanim in the comona is driven by macro-scales instesd of
unresolved micro-physics. In addition, observed spicules also
st 1o have this typical widih.

Figure 3 shows a map of the B X1 emissivity (lefl and a
viertical cul theough a loop (right). The right panc] shows that
the width of the loops® msociated with the spicules is well
resolved, with mose than 20 grid point acress the loop.” The
typical width of loops sssociated with the simulated spicules
ranges between 3000 and 900 k. The foomation of oype 11
apicules s associaied witha PCD and the formation of cononal
losops, (D Ponticu et al. 20075 The loops associated with the
simulated spicules of this paper have similar widths 1o the
ohscrvations neponed above (of the crder of a few hundreds of
kilomicters). As described in the following sections, the width
aof the loops associaied with the simuolated spicules s
determined primarily by the driving mechanism that generates
flows in doeper layers, the magnetic connectivin, and heating
within the magnetic field linked with the apicule {detailed in the
following sections). The anificial magnetic diffusion or
viscosily plays a minos sole in the doop width: in our nosdel
ihe dypical dissipstion and visoous kngths ane five grid points,
whereas the loop contains between 20 and 100 grid poinds
along the vertical axis (& seen in Figune 3, and even mone in
the horizonial axis.

F.2 Flows enmed Showks

The dynamics occurring in the comna ane a consague nos of
boih magnetoacoustic shocks and fows: the sinulaed oype 11
apicubes drive magneoscousiic shocks and Qows, propagating
along  the magnetic field at speeds of the osder of
L2000 km s, due o the elease of magnetic ension, in a

® b ok ollbowing, we e the e “loop™ o reler 60 0 rerion of Sogeenc

fiald e dhaar Banve o ¢ osnenos gy i v soiire
Mooe dhar tee bormoedal axas bis o snaller spal esokenos (14 ) b
e vemcnl oxrs m ke coromn M0 L
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mianner similar o the whiplash effect, or due 10 a wave mosde
conversion driven by phoisphere motions. In principle, if
apicubes are driven only by acoustic shocks, they must satisfy
the Fankine—l |.'|.IEl.:u1.il.:-1 {RH conditions which, in a frame of
referenoe moving with the shock front, ae given by

Ao {7+ DM

el e . i i )
-ﬂ||||.- : Ll ‘ﬂl - I]H;r
Al _ 24+ - I]H|.-:r ‘.l]
e 7+ |].‘r:|'|f,, i
Epini _ :ﬂl'Hﬁ'llr -1 - I] ﬂ-'l]
E e 1+ I] ’

where g, a, e, and 4 have their usual meanings. The subscripls
e and prest pefier do pre- and post-shock plasma, respactively
(Pricat 19820 M Qs the Mach number (M = ) and the sound
apoed s ey = 2P o Note that these equations asauime i
clropy aources ouwlside the shock discontinuity s well as
including cnly the pressune gradient fosoz, e a hydrodynamic
Muid without external foeces, o the Losentz Poso.

The examphe shown in Figures | and 2 & examinad in detail in
Figure 4, where panel (A shows the density sirstification and
wilth a densily jump locaed at |x g = 85 1] Mm {see the
amows ), The jump is casier o discem in the parallel velociy map
{along the magnetic field) shown n pancl (B). Taking imo
aocound the coroma] sound spead -~ 150 kms ", panel (O and
the Tact that the shock wavels twough the oonona st 150 km s—°,
the BRH relations {righit-hand side of Equations { D—{21 can be
calculaied From the velocity along the magnetic Gekd (pane] (B
sublracting the from shock speed (150kms™"), sound speed
{pene] (O, and the adiabatic parameier 4 (1560 shown in panzls
{0 and {E). Frosm thene, one would pradict a density jump of 1A
and a velociy ratio of 006 (pancls (00 and (EX. Howewver, the
jumps i the comona are of te order of LB and 75 for the
density and velecity, respectively (panck (&) and (B, This
disagreement & due i the fact that these jumps depend nod only
o the pradicnt of pressune but ako on the Losenz fosce, which i
absent in | D hydro-misdials, amd oder entropy sousces working
on the bulk fow, in paticular, some of the plasma moving with
the shack wave & heated via Jouk hesting and jor  thermal
conduction and thus becomes pan of the corena. Mode that this
periurbetion Jor jumg) will ravel | M in 10 s This explains (1)
the shogt-lived brightening in te AlA channels doe the neresse
in densiy: (23 the nonthermal line boosdening and BB
asymmetries inthe TR amd corenal speciral lines at the beginning
aof the spicule frmation ae due o the velocity jump and the
difference in velociy between the koop associated with the
apicule and i sumoundings; {3) finally, this penurhation, which
wavek along the doop, leads to the synthetic “slow™ PCD.

A3 Mass cond Evvergy Deposifont S Assekifion with Spacafes

The mas and enerey deposition in the oorena from a spicule
resulis from a combination of shocks, fows, loubk: hesting, and
thermial coduction. The plasne is heated along the loop through
Jmle heating {see below), resuliing from numernical diffosivity.
The artificial diffusion will not impact the amount of Jouk: heating
dissipation ((alsgaand® MNordlumd 199 Abbotl e al. 20000
Peter et al. 200d; Gudiksen & Noodlund 20606a, 2005k

i
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Hanstoen et al. 2007, Rempel 2007 In additien, the diffusion
kngth scales are smalker than the Joop widt, s they will nod
change the laner. Density and encrgy jumps booome kess shanp in
the corona due o thermal conduction (panel {A), Figure 43, in
contzsd i the velociy jump (panel (B 7). Theefone, the sythetic
“Slow™ PCD imensity becomes kess sharp and wesker as the
penurbation propagates theeugh the coronma. In addition, fows
provide mass and energy Aux nie the corona, which emain ha
and die o retumn 1o cheomos pheric conditions due o srong Joule
heating and thermal conduction. Hence, loops sssociaied with
apicubes (panel (A0 of Figue 5)ane filled with meass and energy by
the Aimws, & shown in panck (B and (C) of Figure 5 and the
associaed animation and curenis shown in panel (D). Bod
the fipure and aninetion are made by integating in tdme, the
foomier over the lifetime of the spicule and the ler inegrating
forward in time from the indial formation of the spicule io the
current frame, e, the time range shown in the g panel. This
figure and the comesponding animation seveal that fows and
curments ane nod albways locaied exaclly along the same magnetic
faeld lines. Instesd, curre s and fows ocow within the bulk of the
magnetic ekl that drives the femation of the spicule. Prios i the
formution of the spicule (Al we can see the rennans of a
docaying hod logp. This hot koop was famed in assoc ation with a
different spicule {B) that ooccumed carlier and &t ithe conjugate
fosppnints. of the field lines of spicule A, By the time of the
formation of spicuke A, the previews spicule had already vanished.
The impact of apicule B and ik associaed heating is negligible in
o calculat kons,

Lt ws qpueaid iy the miass and energy depasition into the conons .
For this, first, we focus on the varios fuses due o sdvection.
Averaged over the lifetime of tee spicule {10 minuies), we find a
net positive mass A (0% g em? 5" and energy flux due o
advection, {~ 10° erg em 2 s~") for this loop mssocised with the
apicube {red loop lecaied at fx 2) = {57, 15 Mm in panels (B)
and (C) of Figuse 5 and the ssocisted animeation). These fuses
are measused s they cross the TR (T = 107 K). Ad first glanoe,

these numbers seem lower than the observational estimates of

energy fux by an order of mamimde (~2 = 10 erg cm ™ 5
D Pontiew et al. 300 1) Node that these numbers have boen used
bor, eg., Klimchuk {2002 and Elimchuk & Bradshaw (20040 In
ofher words, asauming & spicule dismeter of 300 km, the energy
deposition due @0 advection in this simulation &~ =
10" erp 5", The discrepancy with slimaies from obserations
5odue o dthe following (1) those calculations ame besed on
amsumplions driven by cstimates from the ohsarvations such as
constant velocity in time {100km s™", over 2—1 minuies), in
contizsd 1o the sinmilated spicule’s velociy, which varies within
o |50km 5" over the spicule lifetime. (27 We inegrated ower
L0 mines, e, the spiculke's lifistime, whereas De Pontieu @ al.

(200 integrake Betwoen 2 and A minwies, using the lifetime of

the brightening” o even a shoner peried of time by Klinchuk
{2012 and Klimchuk & Bradshaow (20047, which gives even less
wodal hesting. (3) Lasl and crucially, ow caloulations above,
ncluding only advective erms, ipnose a oritical contribution o

spicule enerpetics: the Jouk hesting inchiding the dissipation of

ramsversal wave cnergy.

The simulated spicubes reveal the impoartance of the contrib-
wiien coming from Joule heating (3 2 10710 erg em 2™
shown in the botom panck of Figunes 5 and & Assuming that the
spicule B within £ = [3, 8] Mm and a radis of 300 km, the

i Mooe far of dhor e g bell Joeoene of specedes wis wscleor (Pemmmn
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energy deposition due 1o Jouk heating s ~240 = T ergs .
However, the loule heating asaociaied with the apicule & nod
confined 1o the cold plasna of the spicule. Cuments estend sand
proqagake alng the magnetic fickl asociaied with the spicule
and surmpundings (compane with Klimchuk 2012, who assimed
that all the encrgy 5 located inside the spicuke and ignosed any
currend propagating inte the comona). Taking all of this imo
account: the region maocied with the spicule where the cunre ni
plays a role (see dashed lines in Figuse & - 15 Mm wide and
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Figure & hos Jode bty wegmeed over 10 mmetes, asd widdy as o
oo of Begghe dor de boop osocuned sk de spaoele (1.5 R wide,
cutlimed by e dished b im pasel (I3 Fipare 5§ ond wihoss spaosles
(e Bl e, ol e By oo dome ddirdbe o Bime s i pase (I8 Frgae Spam
sl ity solid o daskeed B respeonely. For companion, we ickaded
e e Joaske Beromiegy s o fheswomscen oo Bue b o dhee koo e st elloe | doena i
of g mosGOL smeloos, e widoer enbepolie diffesos (domead-
chpdierdl B

£ = 3IMm aleng the msecisied loop), he iotal deposiied energy
due to Jouk hesting & ~12 = 10 ergs", e, up o four
onders of magniude greser than thal associsied with the
advective tems. Comequently, the dominant contribution o
apicule heating oomes from Jouke hesting instead of the energy
s due & kinetic and enthalpy fuxes. Taking imlo acooun the
Joule heating and energy fux due 1o the advection of the plsma
wiz find tha this is encugh o mainiain he leops ssocsied with
the spicukes hested i coronal empesiores for several iens of
Mines.,

The numitsers. provided above are valid for a single spicule in
thee mosdel . Oiher spicukes show similarities, but we find tat the
contributions From the varioe sousos o oomonal heat input can
vary widely. In fact, in the medel, some spicules ane associated
with sirong hesting and raiher small amplitude fows and small
shocks, while others have swong advection and small Joule
heating. Thus, Joule heating, encrgy ux due o advection, and
wave energy can all dominake the encrgy budget of individual
apicules.

We find that the fast PCD in the ocoronal speciral lines
propagaies o Alfvéni speeds and B a direct consequence of
Joule heating. In Tact, both PCDs are sssociated with magnetic
energy deposition in the corona, driven by the type 1 spicules
Ad the very beginning of the spicule formation, curments {and
Joulke heating) form along the magnetic field lines {panel (O,
Figure 5 and the associaled animation). These cumrents are
driven by the melease of the magnetic ension in the chomo-
sphere, which leads o transverse waves as well & eleciric
current propagaiing aleng the magnetic feld s Alfvénic
spoads. Mete that iransverse waves produce cuments. Magnetic

Bl 2 SyRowa e all

enerey is dissipated and heats the plasma within the loop in our
midel by anificial (numerical) dif fusion. Onotee Sun, one may
expect a cascade 1o even smaller scales before dissipation sets
in, eg., v esonant abserption (Okamew et al 2015) of
transverse  waves o via the Kelwvin—Helmholte  nsiabiliy
(Antelin et al. 20018). Although net miform in space nos
constant i time, the cument is generated continuously over the
lifetime of the spicule and continues 1o exist even afler the
spicule has fallen back 1o the chromosphere. In addition,
currents dooned remain in exactly the same kocation {or on a
single magnetic feld Tingd but “move” o these magnetic feld
lings thai are asseciied with the spicule (Figure 5's animation]),
leading o cusrents “meandering™ through the coronal velume
within the loop assecibied with the spicule (see the nexi section
fior detaik on the widih of the spicules and sssociated loops).

It is importand s poind o that the oononal Jouke heating
eutide the loep sructure ssociaied with he spicule is, a1 lessty
an ooder of magnitude less than the Joulk: hesiing given by the
fermation of the iype I spicule. This can be seen in both the
botem panel of Figune 5 and in Figuse &. In the botiom pane] of
Figure 5 the Joule hesiing inside the loop (within the white
dashed lines) seen in light Blue B mose than an osder of
magniude prester than is sumroundings {e.g., see the region
within the dotted—dashed lines) represented by dark blue or
black. One can see a second loop streciune thet alse has large
Joule heating st roughly & =61 Mm associased with another
type U spicule. Figune & shows the Joule hesting s a function of
height, averaged over 10 minuies and spatially Imied o the
boop associnied with the spicuke with a solid line {~1.5 Mm
wide, outlined by the dashed lines in panel {0 of Figune 51 We
alap show (dashed line) the Joule heating in a region that is nod
msociied with any type I spicule {(~2.5 Mm wide, oullined by
the dotied—dashed lines o pancl (D) of Figure 53 For
opmparisen, we alse show Jouk hesting & a functien of height
of the whole b for the non-GOL simulation {doted—dashed
lini). Nisie tha for regions. without spiculs, the Jouk: heating is
nol only Jower bul remains mesly constand a5 a function of
height in the corma. We node that the averape Jouk: heating in
the nen-GOL simulation is smalker than in the loops associaied
with the spicules {in the GOL sinmulaiion) bu higher than in
negions without spicules (in the GOL simulsion). This is due the
fact that the ambipolar diffusion reduces the amount of curment
thai reaches. into the corona in regions withou spicuks. B would
b of greal intenest o expand this simulstion ino 30 in onder 1o
have a betier description of the magnete-convective metions.,
Mg that, in general, braiding is mose efficient in 30 models as
compared 10 20 medels and the formation of iype I spicules

ot the ma Eete-conves fivie modion of te magnetic Held
lings in the chromoesphene, as pointed cul in Marines-5ykosa
el al {2007y, the convective motions move the magnetic field,
accumulate it al the surfaoe, and incresse s tension.

Ancther way 1o visualize the heating distribution in loops
misocialed with spicukes and in loops ned msocisied with
spicukes B by constructing Joule hesiing histograms within
these two sels of loops, & shown in Figure 7. The loop
mispcialed with the spicule net only has lecations with mose
energy bul ako a different shope (solid line) in oomparizon wilh
the loops withowt type I spicules. One nusi be caneful in
assuming that the Joule heating histogram comsponds o Jouk
heating  events  (usually  used  in ohservations Benz &
Erucker 2002 sinoe in these model it s very difficull o
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isnlate the event (Guemeiro o al. 20015, Hansteen et al. 2015,
Cruermeing @ all 20070 In addition, one must inerpret these
resulis qualitatively instead of quantiatively since the simula-
tien B only 200 and the magnele-convective motion and the
natuse of reconnection events can change when expanding
inde 30

A3, Loop Widih Desrmined by the Provesses Aoociated with Tiype
IT Spicale Farmaiion

The presence of the ambipolar diffusion and the generation
of type I spicules end o confine the propagating cuments and
wavies 0 magnetic Geld lines associated with the spicule
shown in the previous section. The simulation  withou
ambipolar diffusion  (non-G0L)Y  alse pencraks  iransverse
waves and cument dwe o the dynamics in the lower
chromosphere . However, these currents are gencrsied  and
propagake  in nonspecific ocations due o the magnetic
convection. Consequently, the non-GOL sinulation shows
currents amnd Jouk heating inexendad regions in the comona, a5
secn in Figure 8, whene many thin light-blue loops ane evident
in the corona {Maninez-Sykoea @ al. 2017 companz the global
ampoct of loule hesiing between the non-GOL and GOL
simulations). In contrast, e ambipolar diffusion confines
currents 1o megins asseciied with the pencration of type 11
spicules. The propagation of ransverse waves and cusrents indo
the coroma is limibed 10 a specific st of coonal magnetic feld
lines & shown in light blee in panel (D) of Figure 5. In
conirzsd, other regions have much kess loule heating {dark bhoe)
than these fGeld lines connected 1o type I spicules, as
mentisned in the previcus section. Thi leads 1o greates
thermal conteast in the corona in the GOL sinwlation as
companed 1o the non-0L sinulation, and, hence, a formation
of ELY coronal loops associated with the apicules

Similarly, the gjected mass and energy into the oosena from
the spicule is confined within the loop associated with the
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apicube {see Figure 5's animation). Since the expansion of the
magnetic feld mosily ocours bemween the photosphene and
middle chromosaphere, in the upper chsomosphere and oorons
the magnetic field lines barely expand. Consequently, the
cjecied mass and energy indo the corona have moughly the same
width aleng the loop (see Figure 5's animation). This & also
clear when viewing the symbhetic coronal loops shown in
Figure 3. As a resuli of this, the keop formation due too the mass
deposition & determined by the width of the spicule in the
chromosphene . Consequently, the Qows and cuments assoc iatad
with the simulated spicules are localized in loops within
SO0 km full widih, Flows are slightly mose  confined
{30060 k) than the currents. Stll, one must b awae of the
2D limitation of these simulations, which could have greaser
NP NAIOL.

The size of the spicule and consoquently the assoc mbed
coronal loog is determinsd by the magnetic sopology at the
formation of the spicuk. Figure 9 shows the  cursent
perpendicular 1o the plane in an carly state of the formation
of the spicule. The driver & casy 1o dentify and follow in time
with the cument {soe the assecinied animation). In addition, we
alded magnetic field lines seedod {rod asterisks in the
animation) akng the cument structiuse that drives the spicule,
e, the seeds do not follow the plasma nor are they forced 1o
the same position in dime. Inothe animation, one can see that
this cumment is formed (buill upd in the phoosphere. s lengih
{iypical in photespheric granulation, ie., ~500km) & defined
duwe o convective modions and shapes the size of this curmnend
structuge. Evenmually, it penctsates inke the chromoaphene and
drivies the spicule where plasma (7 is close 10 unity. Node that
the feld lines ae always within the spicule, and the cuments
travieling indo the corona kst longer than the animation. During
all this time, as shown in Figuse 5, the cument wraveling inie the
corona is confined within the loop stricire ssaocisted with the
apicube, in particular, to the corrents shown in Figuse % and iis
ETTIET
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A4 Variows Provesses Throucghein the Anmosphere

In the simubaied aimosphere, the Joule heating in the regions
amancialad with the spiculke follows three different power-law
dicays with height as shown in Figure 6. In gencral, the
structure of the field just above the phewsphere will reflec
scales on the ooder of granulation, while ai prester heighis it is
mese- of super-granular sized field stuctunes that dominste.
These different segimes will be reflecied in the Joule
dissipation of braided ficld lines. In panicular, for the feld
lines associied with spicules, we have additional processes
tha set the scale height of magnetic field dissipation. The lvwer
chromesphere has the steepest decay with height {~—11, then
the upper chromosphene {~—1/5), and finally the least decay is
in the corona {~—1/20). Inside the che 2, this
property was alse observed for the ambipelar velocily =
ditailed in Figuse 7 in Maninez-5 ykora et al. {2007). Thene the
lower and wupper chromesphere are characierized by iwo
different dominant processes that lesd 1o differen spatial-
and timescakes. Inthe bwer chromosphene, which is dominated
by magnetoacoustic shocks, the cument and Joulke heating are
smeether, moese spatially extended than in the upper chrome-

. In conrast, in the chromesphere and corona,
currents driven by spicules are conceniraied in narow regions
along the spicules or loops. So, which process leads 1o different
diecays with height in the corona? In the simulated chromo-
aphere {2 = [ 1, 8] Mm}, the Joule heating is due 1o ambipolar
diffusion, wheneas (Mantinez-5 ylora et al. 2007, inthe conona,
itis mesly due to artficial diffusion. Nete that this slope
strongly depends on the cument that penetrates e corena
coming from decper layers {compane solid and dashed line
slopes) and here, the formation of the spicules plays a crucial
rele. Since the moedel is Imied o 250, iype I spicules drive

10
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anly transvierse waves that, ina fully 30 mode], may be kink or
sausage waves (or other modes) and the energy deposition will
vary, depending on the type of waves., Details about the
iransverse wave fomation and energy flux are given in
Mantinez-Sykora e al {20107,

d. Diacussion and Conelusions

We repont on the impact of type I spicules in the corona
waing 250 radiative MHD simulations. Our TR and cosonal
synihetic ral profiles provide an explansiion for the
obscrvations  of se-called BB smsymmetics (e Ponticu
el al, 200 Brpams o oal. 20000 Peter 20000 and cononal
brighenings in the SO0/ ALA counterpart. Our simulation is
able 1o eproduce RBE ssymmeries of the same magnitude a5
soen inebservations. This is in contrast i previeus simulations
thai Failed io reproduce observed BB symmetries {Mariinez-
Sykora et al. 20035 All of these observational diagnostics are
fivund i be signatnes of the impact of iype Il spicules on the
OO .

Spicules contribule 1o the corona through the loops that ane
misocialed with the spicules. Mass, Kinetic energy flux, and
Jouk: hesiing, are injecied inde the corona. Type I spicules ane
pencratod by the felease of magnetic ension, which drives
acoudic shocks and Aows, and wansverse waves and electric
currents that ravel along the magnetic field. The fows fill the
Ioops, with plasma. In addition, the temperamse and density
jumps are smeared out in the corena due 1o the thermal
conduction. The RBE smymmewies, line broadening, and
inensity incresse that oocur in the early sages of the spicuk
are a consequence of these processes. Joule hesting plays a
crucial mele in heating ithe plenm and maniaining loop
lemperaiifes against energy losses in the corma. This process
leads i aynthetic PCDs similar o those observed in cononal
ELY imaging.

Ambipolar diffusion B a key process for the foomation of
iype I spicules and, in addition, 1o localize the mass, and
energy fux including waves and Joule hesting in the loop
manciatad with the spicule. All of these processes are localized
within a few hundred kilsmeters, wheneas in the susrounding
corona, the amount of heating is &l least an osder of magnitude
lower. Even if we compare with the non-GOL simulation, the
heating in the simulsied corona that lack spicules {in the GOL
simulation) & an eoder of magnitude lower and the varation of
Joulke heating with height is almes constant, conirany 1o those
oo, assnciaked with spicules. Sinoe the amount of current
Puild up in the corona via convective moetion is larger in 30
than in 20, cur resulis mus be taken qualitaiively saiher than
purely quantistively. Similaly, any 30 resulis without ion—
neviral interaction effects must alse be intenpreted cane fully.

The widih of synthetic leops associabed with spicules seems
i b in oagreement with observatons (Aschwanden &
Peter 2007 Consequenty, the width of coronal loops, &t least
fior these fermed inassocistion 1o spicules, ane ned govemned by
micre-physics, bul the macro-physics included in the model
These macre-physics determine the hesting and mass deposi-
tion. The typical widih of the oops ssociated with the spicules
are 52 by the magnetic field wpoksgy structuses formed in the

e, These swuciures drivie both the cuments that heat
the assecivied loops in the corona and fows. Consequenily,
boih flows and hesting have soughly similar widihs and are
puidied by the ambicnt magnetic feld.
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In this musdel, it is very hand W separate between braiding
and wave heating. In addition, node that the beaiding in this
medel changes the classical braiding picture. Mest of the
magnetic tension in the phoetwsphene and lower chromesphere is
generaied by convective motion. However, ths magnetic
energy dos nol propagate o grester heighis easily and moesdy
accumubaies in the lower simesphene. Spicule formation allows
the release and propagation of magnetic energy and ension 1o
greater heights thanks do the ambipolar diffusion. Wheress, in
other regions, the ambipelar diffusion dissipates magnetic
cnergy  into thermal energy within the che e A
ditailed here and in Mantinez-Sykora ei al. {2017}, the released
tension also drives Alfvénic waves, In the Sun, these waves
miay b2 either Alfvién waves, fast modes, kink waves, sausage
mides o similar. B B imponant & sudy which modes are
being generated since the Alfvénic energy fux conversion and
dissipation depend on the type of the wave. Noke that, since the
mediel is limied e 20, the magneto-convective motion and
consequendy, mest likely, he number of evenis may change
when we this inke 30,

Last, but net lesst, the fomwmtion of type I spicules generaies
currents that propagaie along the magnetic el s Alfviénic
vielocities inw the corona, These currents are generated over the
lifetime of the spicule and confined within the lecation of the
spicule's driver but net always on the exact magnetic field lines
{5z the animation asaoc mied with Figuse 5) containing the oold
spicular material. The amount of energy contained in these
currents is encugh o sustain the sseciaied coronal loops For
several tens of mimies. This is in contradiction o previcus
findings that asumed a much smaller amount of energy release
and oversimplifiad the hesting mechanism driving the forn-
tien of type I spicules. In our medel, cumments ane dissipated by
ambipelar diffusion in the chromesphere and TE, and wiih
anificial diffusion i the corona. Since the simulation i able wo
reproduce many of the ebaervables, the artificial diffusion may
mimic the unresolved physics that dissipae the shamp cumrenis
and turbulence quie well. To resolve these issues, one mwst
perfom specific studies 1o address funher questions.

The resubs presenied here and in Maninez-Sykosa et al
(20017 are of greal interest for funher studies since they
provide consiraint for ad hoc ems thet other models use, e.g.,
episedic heating profiles & a function of height for coronal rain
simulations {Anwlin el al. 2000; Xia @ al. 2007, or wave
ampliudes and Muxes For waves studies (Amolin @ al 2005).
The heating profile shown in Figure & could be used as input/
driver for many other sudies, Howewver, one must take into
acoount that the heating is docalized, episedic, and ned always
al the exact same magnetic feld lines (Figure 5's animation,
Cruermeing et al. 2005; Hansteen et al, 20155

I Qs impsoriant i mention that the spicules simulvied here do
nit haivie a strai ghiforward relation Betwoen the amount of mass
and energy Bux, wave energy, cuments and loule heating.
Indeed, we found sirong heating proosss ssocisied with
spicules with rather low fows and small shocks, or viee versa,
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