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Albsteact

Surges ane ubiquitous conl ejections in the solar stimoephere that often appear associated with transient phe nomena
like 1Y bursis o ocoronal jets Becent observations from the firerfince Begew Dmeging Speciragraph show thal
surges, alhough iraditionally elated o chromospheric lines, can exhibit enhanced emission in 51 IV with brigher
apociral profiles than for the average transition segion { TR In this papern, we explain why surges are natural sites o
show enhanced emissivity in TR lines. We perfommed 250 radisiive-MHD numerical experiments using the
Bifrod code including the neneguilibrivm (WEQ) jonization of silicon and oxygen. & surge is obained & a by-
product of magnetic fux emergence ;) the TR enveloping the emereed domain is stongly affectad by NEQ effeck:
asauming statistical equilibeium would produce an absence of 511V and O 1Y jons in moest of the region. Sudying
the propenics of the surge plsma emitting i the S0y ALA02.7T and O ALA0L. 1S lines, we find that {a) the
tmescakes for the optically thin lesses and heat conduction ane very shon, leading o depanures from siatistical
aquilibrium, and {b) te surge emit in S0 more and has an emBsivity ratio of S0 1000 W lager than a standarnd
TR Using synthetic spectra, we conclude the imponance of line-ofsight effects: given the involved geomery of
the surpe, the line of sight can cut the emiting lyer al small angles and for cross i muliipke times, causing
prominend, spatially intermitient brighenings in body 500 and O0v .

Ky words: magneiohydrodynamics (MHD) — methods: numerical — Sun: stmosphene — Sun: chromosphene —

Sun: transition segion
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1. Dt et ctiom

The solr aimosphere contains a wile variety of chiomo-
apheric ejections that cover a large range of scales: from the
amallest ones with maximum size of a few megametans, such as
penumbral microjes {eg., Katukawa et al. 2007, Dews &
Rrouppe van der Yaoon 2007) o spicules | Hanstoon et al. 2006,
Dk Ponticw et al. 2007, Pereira et al. 2002, among others), up o
cjections thal can reach, in exwmeme cases, several tens of
megametiers, like surges (eg., Canficld et al. 1990 Kurokawa
et al 2007 Gueliclming et al. 2000; Yang e al 20043 and
macrmpicules (Bohlin et al. 1975, Georgakilas e al. 199,
Murawski et al. 2001, Kayshap et al. 20133, Surees in
panicular, are ofien saociated with magnetic Aux emergence
from the solar interios. They ane dypically observed as
darkenings in images t@aken in the He Blee/red wings with
line-of-sight (LO8) velociies of a few o seweral tens of
kilemeters por socond, and they ae wsually related o odher
cuplosive phenomena like ELNY and X -say jets, UY bussis, and
Elleman bombs (see Ndboega-Siverio ¢ al. (X017, hencafer
KEAOLT, and references therein). Although observationally
kinown For several decades now, the wnderstanding of susges
has progressed skowly, and various sspect, such a5 their
impact on the wansition region (T B and corona concerning the
mizss and energy budget, are sill pooady known.

From the thoosetical point of view, the firsl explanation of
the surpe phenomencn came through 2350 numerical models
{Shikata e al. 1992 Yokoyama & Shibata 19505, 1%, where
a oold ejection was identifbied next o oa hod jol 28 8 consegquencs
of a magnetic reconnection poecess between the magnetic Geld

in plasmaemergad from the nterior and the precxisting o ononal
fickd. Mishizuka ¢ al (2008) used a similar numerical semwp 1o
asaociale the surge with jet-like feamwres scen in Call H + K
ohscrvations by means of morphelegical image comparizons.
Further 250 models that include the formation of a ool
chromospheric ejection ane those of liang e al. (2002 {canopy-
type comenal magnetic feld) and Yang ef al. (20013, 2018, wha
sidy the oool jets mesuling from the inderaction between
moving magnelic features at the base of their experiment and
the preexisting ambient Geld inthe aimoesphene. Turning o 30
mediels, inthe magnetic Tux emergence exoperiment of hMogeno-
Inscrtis & Cabkoaand (2003), a dense wall-like surge appearad
surmunding the -:m-:%-:-.l region, with temperstuses from 107° K
o a few times 107 K and speeds around 50 km s '
MacTaggan o al (20150 found similar velocities for the
surges in their 30 model of fux emerpence in amall-scale
active regions. The availability of a radistion-MHD code like
Bifros (Gudiksen et al 200 1) has opened up the possibility of
miuch more detailed modeling of the cool ejections than be fore.
Bifreal has a realistic treamment of the material propenics of the
plasma, calculates the radiative transfer in the photosphene and
chromosphere, and inchdes the radiative and heat conduction
cniropy  souross in the corona. Using that code, Mdéboega-
Siverio et al. (2006, hereafier WE201E) arpued that entropy
sources play an imporiant roele during the surpe formation and
showed that a relevant fracton of the surge could nol be
obtained in previous and more kealized experiments.

The realistic weaiment of surges may requine an even larger
degree of complication. The solar stmoesphene s a highly
dynamical cnvisonment; e evolulion semelimes oo curs on
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shorl timescales that bring different stomic sapecies oul of
cquilibrium jonization, thus complicating both the modeling
and the observational diagnestics {e.g., Griem |94 Baymond
& Dupree 1978: Joselyn ef al. 1979 Hanstoen 1993). Fos
hydsogen, for instance, uwsing 20 numerical experiments,
Locnsarts et al. (2007, 20010 found that the temperafise
varations in the chromosphene can be much lrper than For
statistical equilibrium {(SE), which has an impact on, e.g., is
conlest regions (e so-called cool pockets). Bor helium,
Colding et al. (20014, 2006) described how noneguwilibs um
(MEQ ) jonization leads 1o higher temperaiunes in wavefronis
and Jower emperaiures in the gas between shocks. For heavy
clements, Bradshaw & Mason (2003), Bradshaw & Caggill
(20085, Bradshaw & Klimchuk {2001, and Beep e al. (2016)
showed, through | D hydmsdynamic simulations, that there are
large depanures from SE balance in oooling oomonal  loops,
nanaflancs, and other impukive heating events that affec the
EUY emissivity. Through 30 experiments, Ollur ¢ al. (200 3h)
found that deduced elecinon densities for O0W can be up 1o an
onder of mamitude higher when NEQ effects are taken into
account. Also in 30, Ollur et al. (2015 discussed  the
imprtance of the NEQ ionization of comenal and TR lines 1o
reproduce: absoluie intensiics, line widths, and ratios, among
olhers, observed by, ep., Chae @ al, (199, Doachek (20063,
and Doschel et al (20080, De Pontieu of al. (2005) wene able o
cuplain the comelation between nontemal line brosdening
and intensity of TR lines only when ineluding NEC) ionization
in their 250 numerncal experiment. Martinez-Sykora o al
2016 studied the satistical propenics of the ionization of
siliocon and oxygen in different solar condexis: guiel Sun,
coronal hole, plage, guiescent active region, and Raring active
region, finding similarities with the observed intensity ratios
only if NEQ) effects ane taken inde account. Given their highly
time- dependen nature and the selevance of the heating and
acosling mechansms in their evolution, surees ane likely o be
affected by NEQ jonzaton. Motvaied by this fac, NS2017
includied the NEQ ienization of ailicon o compan:e synthetic
S apecira of two 250D numerical experiments with surge
ohscrvations  obtained by the fwegfaoce Reglon Smaging
Specrograph (RIS De Ponticw et al. 2004) and the Swedish
l-m Solar Telescope (88T Bcharmer et al. 2003). The resulis
showed that the experiments were able 1o eproduce major
featwres of the observied surge; nonetheless, the theoretical
aspoct o understand the enhanced Si 1Y emissivity within the
numerical surge and ils propenics were o addressed in that
publicat ion.

The aim of the present paper i o peovide theonetical
cuplanations conceming the relevance of the NEQ) ionization
fior surges and the corrsponding impsct on the emissivity of
TE. lines. We use 250 numercal experiments carried out with
the Bifrost code {Gudiksen e al 201 1y including the module
developed by Olur et al. (200340 that sobves the time-
dependent rate equations o calculate the jonization swies of
different elements, thus allowing for deparuses from SE. Here
wie apply this module 1o dewemine the onization levels of
silioon and oxygen. We conclude that considemation of NECQ) is
necessary io gel the proper population levels of the ons and,
conscquenty, the right emissivity 10 inferprel observations, A
statistical analysi of temperamme & provided & constrain the
plasma propenies invelved inthe emissivity of relevant lines of
Siv and Q1Y within the surpes. Through detailed Lagrange
tracing, we ane able 1o determine the origin of the emitting
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plasma and the mole of the optically thin adiation and thermal
conduction to explain the depanure of SE of the relevant ions.
Furthemuwe, we compuie synthetic profiles w0 understand
previous ohaervational resulis and predict future ones, high-
lighting the surpe fegions that ane mose likely 1o be detecied
and addressing the imponance of the angle of LOS.

The layout of the paper is as follows, Section 2 describes the
physical and numerical mode k. Section 3 explains the gencral
features of the time evalution of the experiments. In Section 4,
wiz show the main resulis of the paper aplifting the section in
{a) the relevance of the NECQ lonization of Si 1V, and also O,
in surges (Section A0 (b the consequences of the NEQ
ienization for the surge plisma emitting in thoese TR lines,
analyzing it propenics and comparing them with a generic
quict TR (Section 4.2); and {¢) the erigin of the NEQ plasma,
aldressing the sole of the entropy sources {Section 433 In
Section 5, we have caleulied absolute inensities and synthetic
apactral profikes For diagnestic purposes and comparizon wilh
observations, emphasizing also the imporance of the surge
gopmetry and LOS. Finally, Soction & contains a summary and
con lusions.

2, The Plysical and Numerical Maodel

We have mun two 250 numerical fux emergence experi-
mienis in which susges ane & natural consequenc: of ragnetic
reconnaction prooesaes, Those o experiments wene also usad
by WS201T and Boupps van der Yoort e al. (20017 o compare
the synthetic profiles with the complex profiles observied with
{RI% and S5T.

This section is divided inde two panis: (1) te numerical code,
and {23 the deseription of the model wnderlying  our
C e T s,

24, The Nipre vieal Cole

The two experiments have been camied out with the 30
radiation-MHD (B-MHD) Bifiest code (Gudiksen et al 2011
Hayek et al, 2000; Carkson & Leensans 2002, which treats
the madistive iransfer from the photeosphene do the conona and
thermial conduction in a selfconsisient mannes {see also
MS20LG for further details of this osde applicd o surge
cxperiments). Furthermone, we have enabled in the oode a
ke deve kped by Olluri et al. 200340 10 follow the NEQ
ionization staes of clements with awmic number greater than
2. This medule solves the rale equations for those elements
using the temperans e, mass density, eloctonic number densiy
dte, And vieloc iy valwes of the sinmulation without modifying the
resulis of the B- MHD calculation, sothere is no feadback, e.g.,
an the enerey equation erms such as the optically thin losses
{sog the discussion in Section 613, In particular, we have
employed i o caloulade the NEQ ionization Fraction for silicon
and oxygen, using abundances from Asplund e al 20005, 7.52
and B469, respectively, in the custemary asironomical scale,
where 12 oomesponds o hydnogen.

22X Desenprin of e Models

22J. Phydeal Domain and fnitial Condition

In the dwo experiments, wie began with a stalistically stalonary
2D snapshat that spans from the uppemuost bayers of the solar
inerior w the omona and  whese  physical domain s
000 Mm £ & = 3200 Mm oand —26 Mm £ 5 = 3000 Mm, whene
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= (i Mm cone sponds 1o the solar surfac: . The gid is unifoom in
the a-direction with Aa= 31 km, but @t is nonunifem in the
viertical direction in osder i betier resolve the photsphene and
chromosphere: the vertical grid spacing is 20 km from the
photosphere o the TR and ineresses gradually inthe cosons up 1o
147 b st ihe wop of the donsin.

The ket panel of Figune | contains the hormaontal averages for
the initial :lms.h].-, o g pressure, P, and temperatne, T, for
both cxperiments normalized de pholosphenc values, nam-_lj.l,

_Jlﬂlﬂ’g-_m',ﬂ'_llxlﬁ‘ erg em Y, and
p=53Tx 107 K. The corona has a emperamse around | MK
and a magnetic fizkl with a srength of 10 G, with the difference
that one of the experiments (hereafler the verrcad exgee rimens)
has a vertical magnetic fickd inthe corona, while in the ether {rhe
skrared exprevimensy the magnetic feld in the conona is inelinaed
307 with respect 1o the verfical direction {see magnetic field lines
superimposed in black in the 20 tenype st e maps for the inital
snapshod in Figure 1

222 Chemiral Elemenits Calcalated in NIEQ and Their Spectral Lines

We have wsed the NEQ module of Olur et oal. (X001 3a)
menticed i Section | te compuke the NEQ jonization of
silicon in bpth numerical experiments. Funhermose, in the
viertical experiment we ako calculate the NED joniation of
oxygen, with the goal of predicting fotune obser vational resulis
Once the NEQ populations are obtained, we are able o
compute the emBaivily using

ke
47

where Jois the Planck constant, ¢ i the light speed, A & the
weavie kength of the spocial line, s, is te population density of
the wpper leviel of the wransition (e, the number density of
cmiters), and Ay s the Einstein cocficient for spontanseus

Hy I'l'|u'.-|

(1}

7o B0 b (e pop o the dosr i renches 7o 30 Men The sol or serfice & rosghly o

die-excitation given by

(2

where ¢ & the electron charpe, w, the election mass, g and g,
the statistical weights of the lower and upper  sates,
respectively, and [y the oscillaior stength. The units used in
this paper for the emBsivity « are erg cm Tar ' s For the
sake of compaciness, we will refer & il in the following a5
(s

Sinoz we ane intercsted in underdanding the response of the
TR 1o chromesapheric phenomena like swges, we have chosen
the follewing SR lines: 50 v AA02.TY, which is the weakesi
af the two sillicon resonance lines, and O & ALA00. 16, the
stromgest of the forbidden exygen lines that RIS s ablke 1o
obscrve. The comesponding formation empersiune peaks in
BE, Typ. and odher selevant pasameters 1o calculate the Einstein
coefficient (Equation (200 and the oomesponding emissivily
iEquation {10 of these lines ae shown in Table [ Under
aptically thin conditions, 5i1v AL393.76 is iwice & srong &5
ALA02TT, s the sesults we obtain in this paper can also be
applicd 1o Si1v AL393. 06, Funhermone, the study of Silv
ALA02TT can provide theoretical suppon o our  previous
paper NS0T, In furn, the choice of the A0 1S line for
oxyeen s because the O1v lines are faint and require longer
cxposure times e be observed (De Pontiew e al. 20043 Thus,
in oader o make any prediction that could be comoboraied in
fuduse JRIY analysis, we focus onothe strongest of the oxygen
lines, which has a betier chance of being deecied. For
simplicity, hereafler we nefer too the Siv ALAO2.TT and Oy
ALADLDS embsivities s the SV and O emissivities,
respsactive by,
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2.2 3 Boundary Conditions

W are imposing periodicity sl the side boundaries; for the
viertical direction, characieristic conditions are implemented i
thee wep, whereas an open boundary is maintained at the bottoa,
keeping a fixed valoe of the entropy of the ncoming plasma.
Addditionally, in onder wo produce Aux emergence, we inject a
iwsied magnetic iube through the botiom boundary following
the method described by Maninez-Sykora et al, (2008), The
parameters of the tube (specifically, the initial location of the
anis, ay and o) the field svength tere, By the obe mdius Ry
and the amount of Geld line twist, ) ane identical in bsih
cxperiments and gi';.u:n in Tabkke 2. The todal axial magnetic fhx
iy = 6.3 = 107 Mx, which is in the range of an ephemeral
active region { Lwaan 1987 Details about this kind of setup are
provided in NSMI1E

Y. General Features of the Time Evolution
of the Exporiments

The numerical experiments gan with the injection of the
iwisied magnetic ke through the botiom boundary (r=0
minuies). Within the convection zone, the tuhe rises with
velocities of <2 km 5" and suffers deformations due 1o the
convection oews, mainly in the regions whene the down lows
are Jocated. The mwisted whe continues rising until it resches
the surface. There, the magnetized plasma acounmlates until it
develsps a busyancy instbility {rs= A0 minwes) in a similas
way W that explained by NS2016.

The subsaquent phases of evolution ane character iwed by the
emergence and expansion of the magnetized plasma inio the
solar aimesphere, producing a dome-like stneciure of cool and
diense matter {5 ~ 50 minuies). During the expansion paoscess,
the dome imerior beoomes raefod owing e pravitational
fows Simultanesusly, the mapnetic feld of the emerped
plasma collides with the proexisting coronal ambicnt fekd, and
&5 & COnAGQUence, nonsdationary magnelic meoonnac ion eocurs,
fooming and cjocting several plsmeids. Our vertical esperi-
mient has mecendy boon used by Rouppe van der Yoon et al.
20017t show that the 501V special synthesis of those
plasmoids is abk o reproduce the highly becadensd line
prediles, ofien with non-Gaussian and triangular shapes, seen in
RIS observations.

As an indirect conseguence of the magnetic feconnection, &
surge is obtained in beh experiments. This is ilhsissied in
Figure 2 through temperaiure maps with overlying magnetic
fickd lines for cach experiment: panel (a) shows the verical
cxperiment at 5= 65,0 minuwies, and panel (b shows the
slanied one al F= 643 minuies. Those are representative
indants when the surpe B clealy distinguishable as an
clongated  structure  detached  from  the dome. Rw lader
refenence, different regions have boen marked in the fgure
that will ke scen below 1o comespond 1o prominent feamnes of
the surge in ems of NEQ jenization and hrighiness in the
apeciral the intemal foetpoint, which i located at the base of a
widpe creaed by the detachment process thal separates the

surge from the dome (NS 20160 the extemal fostpoint, which is
jus the extemal boundary of the surpe; and the fanks and top
aof the crests, Although et direcily discussed in this papser,
anpdher region B probably worth mentioning, namely, the hot
jett in the verlical experiment, it & shown clearly theough the
med temperanne contour of T= 1.2 = 10° K in the slanted
aie, the emperatuses of the high-speed collimated gjection ane
nosl distinguishable from the rest of the corona, The diffeneno:
between both experiments may be dwe 1o the fact that
the slanied case has a denser emerged dome and, perhaps,
the entropy souroes inil are less efficient in heating the plasma
that pesses theough the magnelic reconnection sile.

4. The Baole of the MNooweguilibe hum { NECQ) kanization

The importance of e NEQ onization is studied in this
soction from & iriple perspective: {a) the comparion of the
NEQ number densities with these caloulated under the 5E
approximation {Section 4.1 (k) the consequences for the
cmigivity of the plasma (Section 423, and (o) the key
mechanims that cause the depanuse from SE in the surge
plasma (Section 4,32

A 4. The SE il ."'u".f':'-l.:;:I Nignlse v Diesisitie s

The resuls of the cument paper are obtained by solving the
copuation rates For the relevant ionization staes of Siand O, i,
taking imtoe acocount NEQ effects using the Olluri e al. (200 3a)
medul: mentioned in carlier sections: the number densities of
ciiifters o, thus calculated will be indicated with the symbsol
Hpggy I ordier 1o iest the sccuracy of the SE approximation, we
have also calculated the s, that woukl be obiained imposing SE
i the Olhari et al. (200 3a) module: those will be indicaied wilh
the symbal e, The accusacy or otherwise of the 5E
approximation 5 messued here through the Following ratio:

figp — Mg (3

figg T Hpg

The pamameter ¢ vares between —1 and 1) is meaning is a5
il by 2

fa) If r=0, dhe number density of emifiers obtained
imposing SE would be approximately equal e the one
allowing NEC) rates {nep 55 Myypn l, 50 in these regions the
SE appeoximation (o calculate the siate of lonization
wisild e valid.

(b If clearly r = 0, this means thal neg < ypg, 50 the
approximation of SE jonization would undenestimate ihe
real population. As r becomes more negative, the NEQ
cffiects would be more prominent and the 5E approsx-
it ion would become less accuraie. In the exreme case
ir=—1}, the smsumption of 5E would mistakenly result
in an absenoe of jons in the onization state of inenest!

{c) On the other hand, if ¢ = 0, it follows that sse = e,
sy the computation of the lonization in SE would be
wrong again, but in this case because it would owver-
catimate the real population. When ¢ = 1, SEwould give
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asoa result a wdally Gctitous population, sinoe the full
MEQ calculation indicaies that thene are no ons!

The ratie ¢ is ploted in Figure 3 for the two -_:;pn_rum_uh
diesscribed in this paper. The upper pancks ineach block contain
0 maps of r, namely, for pancl {a) Sil in the slanted
cuperiment &l F= 613 minotes, for pancl (b Si in the
viertical expenment al F = &5 minuies, and for panel (<) O 1Y
alao in the venical experiment at r = 65 minutes. To limit the
diagram i the relevant regions, a gray mask & overplotied, and
only these pixel with emissivity obtained from the NEQ
compuiaiion above a theeshold {eome 2 107" ane being
shown., The bottom panel in each block contains a line plot
fior the median M of the absolite value of F in the regions no
coverad by the mask in each column, Using the absolue value
of the ratio clucidaws the arcas where NED icnizstion is
impoatant, either because SE underestimates (r < 00 o5 over-
catimates (¢ =03 the neal number density of emiiters s . In the
figure, two regions can be cleary distinguished:

I. The quiet transitisn segion (heneafier QTR We define i
as the TR that has nod boen permrbad by the lux emergence
and subsequent surge and ‘oo jet phenomena. The horizendal
extent of the QTR is marked in the hgure with dashed venical
lies  and  cormeaponds 1o the feg 'p.:ul located  between
00 = & 20 Mm oand 220 Mm <5 £ 320 Mm for the
ahm_d -_:[:_nmn_m and between 000 £ 1 Z 3.0 Mm and 265
Mm = x = 320 Mm for the verical cne. In this domain, ¢
et 1y m:mﬁnuga]i'ru values (blue cober inthe image) ina thin
layer in the TR {2 ~2 Mmi The comesponding M value is on
average between (02 and 003 (horzontal dashed line in red in
the panels), which indicates that bedh Siv and O N suffer
significant depanuses from SE.

2. The second region cormesponds 1o the main result of this
section: the emerged domain, namely, the dome and surge, is
severely affected by the NEQ jonization for bodh silicon and
oxymen (e the dark blue codor, which corresponds wo ro —1,
and corresponding M vale close w 1) The value v —1 s
found in oold J'll"l:'il.:uLi with T~ 2« 107 K and also in hot

= T 10" of S0V K (blee pomnd for T o= 122 107 K red) ore added

domains (T~ 5 « 107 K1 Also, on the kefi of the surge, we also
find some regons where ¢ = 0 {red), especially in the slanted
cxperment, which indicaies that the SE approximation is
overestimating the real populaton. Since our main goal 5 o
study the surpe, we focus on its surmoundings and, in panticular,
o e qlmmin miarked in the fgure with solid lines, e 8.5
Mm < 1< 210 Mm for the slanted experiment and 1.0
Mm £ x £ 255 Mm for the ventical one. In the following, we
refer s 'I:h.l'-r range as the enhanced transition region (ETR L In
the msaocisied 1D panels, we see that M shows larger values
than in the QTR in Fact, the median resches valies clode 1o one
in many places of the ETR. There are some spacific locations
within the ETR where M shows substantially lower values, e.g.,
= 162 Mm or x 181 Mm in panck (k) and {c). Looking
al the 2D pancls, we nealize that in these ocations pan of the
TR has r close o zero {white patch abowve the blue line).
Consequently, the median in tat venical column decreases.
Miste, howe ver, that even in those locations te M values in the
ETE are larger than, or al keast comparable i, the largest ones
found in the QTR. This finding highlights the relevance of
including the NEQ calculation for euplive phenomena like
surges,  aince withowt it the calculated Silv oand O
populations would be todally emoneous. This would ranslae
i wreng emissivity valwes and themefore mistaken snihesis
diagnostics.

4 2 Cheracrerizing e Plasme in NEQ

Having smdied the NEQ effects on the two different
domains of our experiments {ETE, QTR), we now mwm o the
amacialed question of the emssivily, in panicular, fior the Si1y
and O lines, To that end, we stant by showing 20 maps of
the emissivity in Figure 4 upper panal in each Block) for the
same instans as in Figure 3. In this case, we have constrainad
the maps i values of gees = 1077, just o focus on the layer
with the largest emission, which i the natusal candidate i be
ohserved. Since the emiting layer is really thin, we are adding
amall 2D maps st the botiom of ecach bleck containing a
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Blowup of the emisaivity, ¢ and, additienally, of the
temperature, T cloctronic number density, &, ; and the mtio
betwoen the 5ilv and O 1V emissivities, 8. Mone precisely, for

L]
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cach verfical column we define a height cotadinate & centerad
at the position [called £ 4x) inthe following ] of the masinmm
emissivity in that oolumn,

H= 4L T dmuars {1]
and use it, insead of 2, inthe maps. For clanty, inthe top panel
wie have indicated the lecation of fe.. & selected columns
using symhbok. Since emBsivities can e converied o
number densiies of emilters , via simple multiplication wilh
a constant Factor { Equation (1) and Table 1), acobor bar with o,
fior Bth Si 1% and OV has been added in the fguse.

By comparing the two emisivity panels in each block of
Figure 4 {see also assoc@ed moevie), we find that the region of
high emssivity st the fooipeint and crests of the surge coverns
a larper vertical range than n other regions. This B nwainly
causad by the varying muiual angke of the verical with the
loscal tangent to the TR, so, in some sense, i is an LOS effect;
full details of different LOS  effects are  discussed  in
Bection 52, Inspecting the lower panels of ¢ of cach block,
s locations {e.g, the internal footpeint, 12 15 Mm, n 00y
al F =050 minutes) are seen i have cnhanced emisaivity by a
factor of two or theee in comparissn 1o the maximom values
usually seen &l positions of te QTR and ETE ; nonetheless, this
behavior 5 sporadic as seen in the acoompanying mosvic.

We alsp notice that both Si0v and O show similar valuwes
of emssivity, in sapibe of the huge contrast in the comesponding
e density of emitiers (see socond cobor scale al the upper
right comer of the imaee). This is due 1o the difference in the
oacillater strenghs f,, which for 01V is six ondes of
miagnituwde weaker than for SV {see Table 1 In pancls {1
and Ay, we have plotied the emissivity matio of Si 0 o O,
R, hinding that the typical values in the locations with the
highest emissivity within the ETR ase asound 2 {alhough it can
reach up to Ffactors around 53, whike in the QTR the average 8.
is close 1o 1. On the other hand, in the locations with low
cmisivity and high temperamne, eapecially in the QTR, we
appreciaie that &, B lower than wnity, which is nod sumprsing
aince OV can be found ai higher tem peratures. Mode that this is
aratis of emissivities and does ol coorespond 1o the inensity
ratio commonly used for density diaenostics {e.g., Hayes &
Shine 1987 Feldman e al. 2008 Polin e al. 200160

We cannod find inothe emissivity maps the same son of
dezatic conirast between QTR and ETR that we found for the #
parameter  in the previous section; nonetheless  we do
appreciale differences between Besth regions in demms of
temperature and ekectronic number density: the range of 7 and
d, in the ETR is larger than in the QTE. This & especially
evident in the hed and ow -density pan, whene the T and o, of
the ETR reach values around | MK and 10% em—?, respectively
(nede that the s, provided B obtined from local e mio-
dynamic equilibrivm [LTE] since the ionization of the main
condributors for electons, such & hydrogen and heliom, is
compuied in LTE acoording 1o the equaticn-of-stale table of
Bifros). In osder 1o Dorther explose those differences, we reson
o a statstical study of the valuwes of emissivity and femperaione
in the different regions (TR, ETR) and for the two ions,
which is presented in the following. The staiistics is based on
all plsma elemenis with ¢oem = 107" in the ime span
between surge  formation (f= 550 minutes)  and  dec
(r="M.7T minumes). The mesliing sample contains 4 = |
clements. Figure 5 shows the corresponding joint probabiliy
density Functions (JPDFs) for emissivity « and emperaiuse T
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for the vertical experiment. For 511V we could also show
resulis for the statistical diswributions for the slanted experi-
ment, bul the resuling JPDE are very similar o these
presenied here. This similaniy suggests that, alihough the
virtical and slanted experments differ in terms of magnetic
configuration, sz of the emerged dome, and shape of the s ee
{compare the two panck of Figuse 23 the resulis deseribed
below could ke applicable W different surge scenanios. In the
flkow ing, we explain the resulis fwsl for 510 (Section 4213
and then fer Q1Y (Section 4.2.2).

42,5 Flasma Emitting in 5 v
Wi start analyzing the QTR and ETR distributions fior the
Siv emisivity {soe top row of Figure 53, The main resull is
that in the region with the larges emissivity values the ETR is
miore densely populated than the QTR {see the region marked
by a pink oval amcund £qqp ~ 1059, e, the boundaries of the
surges ane mode Tikely to show signal in 5i 1Y observations than

the QTE. This helps explain why, in the IR observations of

our previous paper N1, we could detect the surge &5 an
intrinsically brighter amucune than the nest of te TR, Funher-

mere, bodh the QTR and ETR have the presies vales of

embsivity in the temperamse range between 100" and 107" KL
This differs from what one would expect in SE, whese the
A emisaivity & lecaied & the peak formation lenmperaiune
{Tag = 10™" K soe Table 1), again an indicaor of the importance
of wking inke sccount NEQ effocts. Additional by, the distribution
fior both QTR and ETRE B mue spread in emperaiure than what
ane woukl expect from a TR disiribution computed in SE {see,
., Fipure 15 of Ollug et al. 2015, The mess density found for
both QTR and ETE around the maxinum SilY emBaiviy i
preBd o Y g em !

A pant of the analysi, we have also found other feanses
wiorth menticning!

ol e S e, Moineso- | Bs armes, S i N v o

. The ETE has a broader temperature distribution than the
OTE. In order 1o illusirate this fact, all the pancls of
Figure 5 contain iselines in white for the probabiliny 104
in the ETR. The comparison of those contours with the
QTR diswibution shows that the ETR has a wider
distribution in lemperaiore, especially above 10F K.
Adthough nod shown inthe figune, the mass density values
fior most of the emitting plasma (mone prec iely: the mass
density values with probabiliy above 107" are con-
drained 1o similar ranges for both the QTR and ETR:
approximaely at [20x 107", 79« 107" o em ™ for
the vertical experiment and at [ 10 = 1005, 6.0 = 107"
gem Y for the slanied one.

204 seoondary probability maximum is bocated &t o
10" and T~ 10" K (see the arrows in the panek).
This corresponds do the dempersture of the second
inization of helivm acconding w the LTE equation of
dzte of Bifres: the energy deposiied in the plama is
used 1o bonize the clement insiead of heating the plasma.
bncluding the NEQ ionzation of helivm should scatter the
densily probability intemperaiures, as shown by Gokling
clal, {20160 inthe TR of their numerical experimants {the
equivalent o our QTR ) nevertheless, the NEQ computa-
tign of helium and & detiled discussion of their effecs
are beyond the soope of this paeper.

i 2.2 PMlasma Emiling in IV

Focusing now on the sttistical properies of te 00w
citiission (see botom mow of Figune 51, we see thal, o fo
Bi v, the probability disiributions for boih QTR and ETR differ
from what we could expect for an SE distribution, since they
are centened at temperatunes between 10 and 100" K insiead
of Tep = 10°? K {see Table 1). Fushermore, the ETR and
QTR disributions are ako broader in tempersiure than what
oz wionld expect from SE. Funther notewarthy festuses of the
plasma emitting in OV ae & follows:

. The QTP: cxhibils larper probability than the ETE
(=107 in the maximum values of the embsivilies
Ve = 107" neverthekess, this fact changes around
frr = W07, where the ETR shows larger emissivity
{opmpare the fegion within the colosed oval). Due i this
comple s behavion, we nead 1o inkegrate the emssiviy o
know whether the ETRE can be detected as a brighier
aruciure compansd o te QTR In Section 5 we discuss
this fact while analyzing the obtained synthetic prodiles.

2. The ETR shows emissivity in 1Y in a larger range of
e ratuges than the QTR which i akin to the sesultl fog
Siw described in Section 4201, This difference in the
ranges 15 appanend mainly i het ooronal lemperamres
comparing the prohability conours of the ETR {in whie)
with the QTR distribution.

3. We find the same secondary probability maximum s in
the SilN pancls st e empersture of the second
isization of helium {see the pinks amows).

4. Comparing the 0V panclk with the 5i IV ones, we sec
that the O N digribotion & omore populated in o
emperaiures and, cornespondingly, lower densities. This
i something we could expect since the ionization of this
pariicular oxygen don occurs sl higher lemperamres
than Si Iv.
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d.3 Lagravige Trocing: How fe Entropoe Soucrce s Affect the
NEQ fovedzertlomt

We focus now on the mele of the enropy sources in the
cmisivity and N EQ wnization. To that end, we follow intime
s plasma clemens of the ETR through Lagrange iracing.
In the folowing, we explain the selup for the Lagrange
clements (Section 43,10 and the resulis obtained from theis
iracing {Section <4320

d3f. The Choice of the Lagmnge Hemens

The Lagrange elements are selected al a given instand,
coresponding 1o an inemediste evolutionary siage when the
surge is clearly disingushable as a separaie struciure from
the dome. The selecked instants are 1= &13 minwes for the
slanied experiment and 5= 650 mimies for the verical
cxperiment, which ane the same times used for Figwes 2, 3, and 4.
I cerchier de Focus on the domain inand near the surge, wie limit the
selection we the rectangular areas: |20 < 4 £ 2523 22 2 52
150 {ventical experimenty; and 70 < 1 < 190, 50 < 2= 150
and 190 < o= 208, 15 < ¢ £ 150 (slamed experiment). On
these rectangles we lay a grid with uniform spacing Ay = Ay =
Ak the Lagranpge clements ane chosen among the pixels in that
grid. A further criterion is then introduced: we ane inerested in
sidying the arigin and evsluion of the plama clements with
strong emisaion in SV and O, Thus, a lower bound i the
i and O N emisivity is establshed, namely, ¢oqe = 107",
discanding all the pizelk wilh emssivities below thal vale ai the
instanms mentonsd in the peviows bullet poim. The sesuliing
chaoice of Lagrange wraocers is shown in Figuse & a6 ned and yellow
dads {the colors serve i distinguish the pogulations describad
below). Owoe the disrbution B et we then follow the msoos
backward in time for 10 minwes do sudy their origing and
forward in fime for 5.7 minudes, (o see the whole surge evolotion
windi] the docay phase, with a high temposal cadence of 002 5 (e
the acopmpanying animation (o Figue 6

d. 32 Flasma Popaladions and Role af $he Baiopy Sosires

Studying the time evolution of te Laprange iracers, in
panticular their themmal propenics, ome can distinguish twoe
populations that are the sousce of the 5i 1V and OV emission:
e originating in the emerped dome (yellow plasma popula-
tien in Figure &), and the other one originating in the oorona
{red population). By carefully inspecting the wacers of each
population, we find thai their behavior B well defined: the
majos difference between the elements within the same
population 5 onod the nature o ooder of te physical events
diesoribed below, but rather the staning time of te evolution
fior cach iracer. Figure T contains the time evelution of di fizrent
quantitics ai messured following a representative Lagrange
clement of each population, namely, temperamre, T (green);
Si W emissivity, ¢ p (dark Blue) O0V emissivity, ¢ n (light
blueh;, characteristic dime of the oplically thin losses, 5.,
iblack); and characierstic time for the thermal conduction,
T Sipits {:I".'“li].:l

The firsy pogpekerion (iop pane ] of Figure 7, comesponding 1o
the element madked in yellow in Figune &) stans as cool and
dense plisma coming from the emerpad dome with extremely
Iy emissivity {see the curves Forthe temperare in green, and
fior the emBsivities in dark and light Bheed At some poind that
plasma approaches the reconnection site and passes theough the
currend sheet, thereby suffering stong loule and visoous heating
and quickly reaching TR temperaiuses. The shanp spike in the
Si v and O 1Y emissivity (bhee corves) anound 1 -~ 525 mimites
cormesponds 1o this phase: the temperaiune increase leads 1o the
appearance of those lonic species, but, as the plasma continues
being heated, it reaches high tfemperamres (maximum anound
10 K and ihe number densities s, of 500 and O decresse
again. Al those high temperstuses the cntopy sinks boosme
efficient, with shon characieristc times: see the ed (Teg.) and
black {ruhin) curves The plasma thus enters a phase of gradual
conling, poing  again  thwough TR tempersiwes,  senewed
formation of $e 5i1v and 01V jms, and increase ino the
corresponding emisivity {booad mainmum in the blee cwrves in
the right hall of the panel) The plasma clements, finally, cool
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sl e bogmidten of e 56 IV cmeedany (dEk bles) osd of b IV
vy (lghe Blee). ANl queanoes ap o C0S s

down o chromespheric  fempersiures, with the emissivity
docressing again o very low valuwes

The defining Peature of fre second popackolov (hotlom pane]
of Figure 7, red dods in Figuse &) is that i ooiginaies in the
corona a5 appaent in the lemperature curve {green). This
population gans a heights farabove the eeomnection sie, with
standand coronal tenmpe rafune and density. During the magnetic
reconnection process, 15 saociaied fBeld line changes con-
nectivitg, bocoming atached 1o the osol emerged e gion.
Consequently, a sieep temperature gradient anses along the
fizld lime, s the thermal conduction stars 0 conl down the
plasma; given the emperaiuse mnge, ako the optically thin
losaes contribute i the cooling, although toa lesser exient {see
the Tepiee and T curvies around 5~ 61 minuies, inoned and
black, respectively ). The temperamne drops 1o values ansund
T~ 107 K, which, acconding i the JPDFs of Figure §, makes
it suf ficendy likely that the 51 1V and O IV emissivities from the
Lagrange element are high. This explains the large increase, by
a few onders of magniiude, in the blue emissivity curves around
I ] minutes although a small facter of -4 s dwe @0 the

B b e Siverio, Moreso- meerees, & M ok -5 viiom

simultanecus incnease in the mass density, which is reflecied in
a linear fashion in e emisivity)l, This cooling o TR
temperamres, however, is shon-lived: as the plasma element
isel§ passes near the cumend sheet, it can e hested because of
the Joule and viEcous terms, and the lemperatuse climbs again
o values where the emssivities ane bow—henoe the shamp spike
in the blue cwves betwoen 1o~ 61 and 615 minutes. There
cnsues a phase of gradual cooling fem 1~ &4 minwies onwand,
similar 1o what happened o the previeus popolation, with
characieristic conling times of a few o several hundred seconds
{200 fed and black corves), passage theough TR empessiuses,
broeasd maximum in the emissivity cwrves, and the plama
finally reaching chsomospheric emperalunes.,

In our previous paper (NS20016) we Tound that surges were
constiuted by four different populations acoording 1o their
thermial evelution. n the coment paper, we soe that only two of
them, labeled Populations B and D in W52016, ane behind the
cnhanced emssiviy of TR lines like those from silicon and
oxyren discussed here, The other two populations describad by
ME201G (A and O keep copl chromospheric lemperamres
during their evelution and do ned play any rele for the TR
clefments.

Using the Lagrange tracing methad developed here, we can
produce  conclusive evidence of enhancad S0y and Oy
cmigivity and ocoumrence of fasi evolotion dwe 1o shon
timescales in the entropy  sources associated with heat
conduction or optically thin radiative cooling. Figuse # contains
double PDE for g Versis Ty, (lefl panels) and v, (right
panck) using &5 oa statistical sample the values of those
quantitics for all Lagrange iracers along their evolution. The
choice of the jonic spocies (S1Y, O0V) and  experiment
{slanted, venical) in the pancls is as in Figures 3 and 4. The
figure clearly shows that when the entropy sources act on shoa
timescales, te (80, O IV emissivities ane large. In fact, the
miasinmm values of soqs comespond 1o characteristic conling
times between 20 and 1005 for fpe and between 4 and 40 s for
Tapier. T changes are fast encugh for the ionzation levels
of those elements 1o be far from SE.

L. Observatlmal Consequencos

In MS20107T, different observed 5i1Y signatures within the
surge were analyred. Moseover, counterpans o the observa-
tienal features were idendified in the synthetic speciral profiles
obtained from the numerical model; however, a theonetical
analysis o unde stand the origin of the speciral feamres and the
reason for the brightness inothe various regions of the surge was
nisl addriessed. In the Tollowing subsection a thooretical study is
carried out trying o quanify the impact of the NEQ ionization
of silicon and oxyeen on the speciral and todal intensiies and
the ohscrvational consequences thereof (Section 510, Then,
given the involved geomeiny of the surge, the particular LOS
fior the {real or synthetic) ehservation tums ol 1o be crucial fior
the resuliing total inkensity and spocira. This s studied in
Section 5.2,

S0 Svathere Profiles

Figure 9 condains the synthetic profiles  obiained by
infegrating  ihe emissivity along the 1LOS for difficrent
wavekngihs in the 50y AL402.77 and O i A 1401. 16 speciral
region and for the verical experiment. The three rows of the
figure conrespond o different nclination angles & For the LOS:
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from 1o e botom, 0F, — 15, and 15°, respectively. The pancls
ineach mow oondain {a) the context of the experiment theough a
2D map of the OV emssiviy; (b)) e synthetic spectral
iniensity for 51V, with the spactal dimension in oadinates and
in the foom of Doppler shifis from the contral wavelength; and
{c) the corresponding synihetic speciral indemsity for O v,
Those spocta ane oblained taking inte account the Doppler
shift due 1o the plasma velocity and applying a spatial and
apeciral PSF (Gaussian) degradation as explained in detail by
Martinez- Sykosa et al. (20186, their Section 3. 1) and by N S2017
{their Section 220, In this way, we will be able o direcily
compare the reaulis with RS observations. In osder 1o ease the
identification of the LOS in each pancl, we have added (o the
labels on it the symbols ©, —, and +, sespoctively, oo
8= 0", — 15%, and 15%. In the middle and bottom mows of the
image, oeand e oae, reapectively, the horizontal and vertical
coprdinanes of the rowmied gunes.

T exiend the analysis, it is also of interest do consider the
total emited intensity fos each ventical column, e,

Lixi= Jl" e o,

which, following Equation {13, is agual to the colimn density
of the emiting spocies along the LOS {except Tor a constant

ol e S e, Moineso- | Bs armes, S i N v o

factoa). Equation (5) has been calculated separstely for Silv
and OO0 and with the emissivities olained assuming either
MEQ or SE jonzaton, 1o beiter gauge the mporance of
disregarding the NEQ effecis. The mesulis ame shown in the
miiddle and botiom pancls of Fieure 10 for Si0v and Oy,
respeciively. The top pane] of the image contains the 20D map
of the emisaivity for S0V For contexit identi feation, Combining
Figures 9 and [0, we are able o discem and describe
characierstic features of the spectral profiles:

. The most prominent feature in the synthetic profikes of
Figuse @ is the brightening associaied with the location of
the indemal fooipoint of the surge. In the comesponding
i, wecan soo how that feotpoeint B foomed st anund
F=d minues, &5 the surge detaches from the emergoed
domz. Duging those instants, the sssociated synihetic
profiles ane characterized by large inemmitient inkensilics
and bidirectional behavior with velocities of ens of
kilomcters per second, as apparent, e.g., in the (b and
(ol pancls at £ [15, 16] Mm. In Si 1Y and O0Y {panels
(b and )i, wae find that the intemal Toopoint B usually
i brightest region, although there ane some instants in
which the brightest points can be kscated in the crests or
e external feodpoind. This & a potentially  impociand
resull from the observational point of view because itcan
help us o ungravel the spatial geometry of the surge in
future obscrvational studies: if strong beightenings ane
detected in Si 0 and alse in O1Y within the susge, it
wisukl b reasonable 1o think that they oorespond 1o the
indernal footpeint of the surge. In this region, the inensity
ratio Between S and OV ranges bBeiween 2 and 7,
approximaiely. Note that, in general, the iniensity satio
values vary depending on the observed region and
feammes {Martinez-Sylooea et al. 20161,

In Section 5.2 we will see that LOS effects play a
mejor role in causing the large brightness of the indemal
fiospapenind. Janad oaher bright features) compansd 1o ihe nest
of the surge. Hizre we consider the parallel -.|'|.I|:~|-1|l.:-.|1l.:-l ihe
ok of NEQ: what would be obtained for the inkensity of
the indemal fompeint if SE were assumed? Comparing the
values for 811V in Figuse 10 {middle pancl, 138 £ 1<
1610, there s roughly a facior of twoe, on average,
between the NEQ and SE inensities; for O 1V (haotiom
pancl), there & ne major difference in the  inkensity
Petwioen both calculations. One could conclude that while
NEQ is important for the 8i v diagnostics, SE could be
applied for the O case; nonetheless, even in the laiier
case, although the NEQ and SE intensities are similar,
o would make a mistake in the determination of
derived quantities like the number densities of emitiers
iSection .10 and temperatuses { Section 420,

Funher distinctive brightenings in the speciral
profiles appear st the sie of the crests and of the exiemal
fospapaind of the surge. The brighiness of those negions is
Clear in the 8i v peofiles (panels (ML (b=t and (b+) of
Figure 9 theough their large inensiy and B sometimes
com parable o or greater than that of the intemal foodpeing
(ace, ep., the locations & o~ 13, 18 23, and 25 Mm in
the top row, or &~ L4, 19, and 25 Mm in the botiem
row). I the O0Y profiles (panck (e, {e—), and {c+),
although faint in comparison with 801V (around a Factos
of five less intense), most of those festunes ane still
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alightly brighter than the rest of the swrge. This difference
in intensities betwoen S0 and 00V can abo be used o
understand the observations: il strong  signals  are
ohserved in 811V msocisied with seme modersie signal
in O 1Y, it could indicate that we ae detecting the cress
aof dhe external fosdpaoind. Conceming the NEQ/SE
comparison of e inensily (Figure 100, the cress and
fodpoinds show the same behavior as the  indemnal
Fosppind.

The indensity of the rest of the suwge is amall in
comparison with that of te Foodpoeints and crests just
dieoribed, soowe wonder whether one could see it as a
bright swuciure in actual observations and distinguish
from the rest of the TR, In the middle panc] of Figure 10,
comparing the L values for 8i v within the ETR againsi
those in the Ql B, wie can see that all the .I'l\.'l.'.h.:ll'lh in the
sug ge have ahigher indensity than the QTR cutside of the

brightest features, the exocss emssion of 5ilv in the
surge may be jus a factor of twe or three above the QTER,
bui that can provide enpugh contrast 1o el the twoe
regions apar observationally, as found in NS2007T. Noede,
iportand |y, that there B a larpe difference between the
MEQ) and SE resulis for Siv in the surge, up o a factor
of 10, s0 te SE assumption would seriously wnder-
catimate the intensity. In fact, in most of the places Si1v
wolkl e similar to or Fainer than O 1Y if 5E wene valid
as shown alse eg., by Dudik et al. {2004) and
Dziftdkovd ¢ al (200171 On the other hand, fos O1v
st e ), the prominent Festunes ane the fostpoints
and crest of the surge, while the other parts have £
comparable 1o the QTR. As a conseguenc: and from an
observational point of view, while in 8i 1v we could find
enhanced emission in the whaole surge I:'-'IJ'lII\.J'l is
comipatible with the NE201T ebservation), for O 1Y anly
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the brightest regions would fand oul, namely, the
internal foodpoint and, 1o a lesser extent, the cresis and
cutemal footpoeints.

The underlying sesson for the enhanced brighiness
aof all these featunes, mainly the footpoinis and crests of
the surges, is nod just the presence of additional numbers
of ons due 1o NEQ effect: the complex peometry of the
awge TR has important consequences when integrating
the emissivity along the LOS 1o obtain inensities. This is
discussed in the nesxt section.

52 The Rolde of the LOS

The observation of TR lines generated in the surge anongly
diepznads on the panicular LOS. We show this here through two
different ef facts:

fa) The alignment of the LOS with reapect to the orentation
of the surpe's TR, We can appreciate this effiect, e, in
panel {30 of Figure 9. Thene, considering, ¢.g., the cress
situsted &t x = 135, LR, o0 23 M, we see that a ventical

B b e Siverio, Moreso- meerees, & M ok -5 viiom

LOS grazing the ki sie of the cea will include
coniributions frem a much larger kngth of the TR than if
the crossing wene perpendicular or nearly so, The same
can b said of the extenal footpoint & @ = 248 M and
alao of the intemal Toepoint aound &« = 16 Mm. This
effizct clearly enhances the brightenings seen in those
values of & i pancls (B and (o). Furher evidence can
b found by checking the £ curves in the middle and
botiom panclk of Figure 10 in fact since the effisct is
purcly peomeirical, the contr ibution io brighiness can be
szen in both the NEQ and SE curves in the two pancls of
i figuse, Varying the angle of the LOS, we can reach
cnhancement factors between 2 and 4 nonetheless,
disceming which pan of that facior is exclsively due
o the LOS is complicated, since variations inthe angle of
integration imply  integrations aleng slighdy  diffesen
cmitting layers. Additionally, the nclinstion of the LOS
with respect o the surge's TR may b imponant for the
apparend horizontal size of the brightenings. This can be
szen through comparizon of the three rows of Figuse 9
considering the size of the brightening ssaocisied with the
interinal footpaoint, we see thal it covers a larger horizontal
range in the & = 0% and & = 15% cases (op and botiom
rows) than in the & = — 157 case (middle row), sinoe the
g alignment of the latter & kst inothe former.

(b The muliple crossings of the TR by individual LSs
Given that the TR of ihe surpe is folded, there are
horizontal ranges in which the LOS crodses i@ mose than
once {iypically thise times, in some imied anges even
fivie times). Given the optically thin approsimation, the
cmitted intemsity in these LOGs may be a fow, or several,
times larger than the value inoa single crossing.

T funher illusirate those twe effects, we use Figure |1, The
togp peane ] containg & 20 map of the Siv emssiviy in which
viertical cuts in different regions of imensst ane overplotied
through colorsd and labeled lines. The comesponding Silv
cmisivity distribution along those cuts & shown in pane] (b
Audditionally, a similar plod but for the OV disiibution is
shown in panel {o). These venical cuts ane also shown in panels
ik and o) of Figuse 10 for comparison punposes. The light-
and dark-green cuts (numbers 3 and 53 are typical examples of
the effiect of the tangency betwoen the LOS and the surpe's TR
al the cresis: noe the enhanced width of the maxinum on the
right in those two cuts due to tanpency effecis. Those cuts and
the ane inblack (number 23 further show the effect of multiple
crossings of the TR by the LOS. In particular, the LOS drawn
in black crosses the folded TR near the indemal foostpoint four
times (5.5 Mm < 7 < & Mm), and an additional time & the top
of the surpe {2~ 11 Mm) For the sake of complatensss, we
haivie added a dashed line for the crests {3 and 5) in the middle
and bottom pancls showing the emissivity if SE had been
assumed: the thickness of the high-emssiviy TR would be
miuch smaller. Finally, in contrast toall the foregoing cases, the
real of the surge (pink line, kbl 40 and the QTR (red and Blus
lines, labels | oand &, respectively ) show a simpler geometng:
there is no TR-LOS alignment, and there is just a single
CIORaing.

i s ussion

In this paper, we have camied ool two 250 adiative- WD
numerical experiments of magnetic Moy emergence thaough



Tog Asriornvecal Jouesan, 2535805 16ppl 2005 May 1

P
| B

- ¢
o 1c~? 127 107
o0
I R
A =620 rrin
}:,___ 1 ™ Eu- Il.
1 1
.10 I -
' 4 i 5
= tol B _ME -‘ L
— ] B . [
R - - | L
. | LY ' '."' I~
L1 I T I I Y Bk
N | IR
4l bl b L
=K
| T =
117 i -'I IR
.;E-\. 1|:I—I'| {
o “
LI
7
O
B 9 B
e ila ; &
g b g 3
2 ] _;»?_;’
L2 ] fi v
w 1077 I'Ij 5 -
-., vl
I -
£ i i 13

Figure 11. Mo of g salople cimesigs of e TR by o siesgle LOS (ol
Hymop of de 511V empsviy, wih oodored wed kibeled lees ovegplomed
gces of Eeewa The lmes conespoads 1o differsss vameal cets esed @
paze ks (Bp mnd (b (b5 IV eompeavity v e Besipbe F for dhe dif foress vemsoal
oils shcvie i e HF mrap (o) Samne o pamel (B, Bt dor gl OF IV s fvity

Addmceal by, for dee cots kibebad 3 mnd 5 owe bave odded os o doshed e de
corveponding covd vty o SE bad bees mearniad

granular oonvection and ine e solar amoesphere.  The
cxperments wene performed with Bifrost, including an exira
ke of the oode that computes the NECQ ionization of silicon
and exygen. The time evolition of te two experimens keads o
the fommation of a cool and dense surpe. We have studied the
relevance of the NEQ jenization for the presence of i1V and
O in the periphery of the surge and how i affects the
corresponding emssivities, The propertics of the surge plasma
cmifiing n S0 and OV owene then chamcterized and
compared with those of the general TR plasma outside of the
surge. We have also analysed the sole of the heat conduction
and optically thin radistive ceoling in the NEQ lonization.
Furthemmore, thaough forwand modeling, we have undersiond
different feares of the synthetic speciral profiles of 51 1V and
O, explaining the importanc: of the shape of the TR
summounding the suree combined with the differem possible
angles of the LOS and providing  predictions for  fufure
ohscrvational studies.

B b e Siverio, Moreso- meerees, & M ok -5 viiom

In the following, we first address the implications of the
imprtance of the NEQ ionization in numer cal experiments of
cruplive phenomena in which heating and cooling ane key
mechanims (Section &.1). We then discuss their relevance fior
present and Mouse observations {Section 6.2,

dd O the Smperneonce of the Noviegaa bilriion
(NEQ ) Rewid zeerdont

The main result of this paper 5 that the envelope of the
civier ged domain, more specifically, of te dome and susge, is
swrongly affected by NEQ ionization (Section 4. 1), Foousing on
ihe boundaries of te surge, comparing the numbser densities of
cmifiers compuied via detiled soltion of the NEQ maie
cquations  with  those  oblained assuming SE, we have
conc luded that the SE smsumplion would produce an of onseus
result in the population of 51 and 00V, mainly because i
leads 1o a gross underestimaie of the number density of
cmifiers. The TR cutide of the fux emergence sile is also
affected by WEQ, but i0 a smaller extent.

The above resuli has consequences in the comesponding
ciiissivity { Section 4.2 and theefore in the inespretation of
the ohsorvations. By means of statistical analysi, we have
shown that the boundarics of the surge have gester values of
the S5i1Y emissivity than the region oulside of e flux
emergence aile. Comespondingly, we have given the name
cnhanced TR (ETR) o the fommer and quict TR {QTR) o the
latter {(Section 4210 This difference i pan of the explanation
of why the surge isa brighter struciuse than the nest of the TR
in the MR observations by M52017. Furthemmore, the joind
prohabiliy disy ibutions for emssivity and temperaiune ane nod
centered st the peak formation temperature of Si1V or Q1Y in
SE {see Teg in Tablk | and Section 4223 This seinfonces
carlier reauls {eg., Ollugi et al 2015) abowt the insccuracies
inherent in the process of deducing temperatuse values from
observations in TR lines using SE oconside rations.

In Section 4.3 we have found that there are two diffienent
populations concerning the thermal evolotion that leads o the
Si v and O 1V emissivity. They have very different ongins {one
in the emerged plasma dome, the other in coronal heighis), but
basth are characierized by the fact that they oo through a period
of rapid themmal change caused by the optically thin lesses and
thermal conduction: the maxinmum valwes of the Si v and Oy
emissivity in them are related to shon charactenistic cooling
times! M0-1000s for 1, and aound 41005 for v Those
characiersiic times ane compatibke with the theoretical resulis
by Smith & Hughes (20000, who found that for typical
densitics of the active corona and the TR the solar plasma can
b affecied by NEQ effects il changes ocour on timescales
shonter than about 10— 100 . Those resulis highlight the sole of
optically thin lossss and thermal condwction because {a) they
provide the physical mechanism i diminish the emnopy and,
consequenty, ohain plasma with the adeguate e mpe ratunes 1o
fiorm jons of SiIV or 01V {~10° K@ and {b) they are fast
engugh 1o produce important de panures fiom SE. On the other
hand, the jion populations caleulated through the present NEC)
medul: in Bifrost are nod wsed in the enerey equation of the
general B-MHD calculation {see Section 20173, s this oould
underestimate the effiects of the entropy sinks in the experi-
mienis In fact, Hansteen (19930 found deviations of mone ihan
a factor of two in the optically thin ksses when considering
WEQ) effects in his loop model, S0 rue, could be even more
cflicient.
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e mesults indicase that surges, although  traditionally
discribed as  chromespheric  phenomena, show  imponand
emizssion in TE lines due o the NEQ jonization linked o the
quick action of the cooling prooesses, so the reaponse of the TR
is intimately ted i the suree dynamics and energetics. In fact,
the same statement may apply for olher erupdive phenomena, in
which impulsive plasma heating and conling oo curs (see Dudik
el oal, 2007, for a review of NEQ prosccsses in the solar

almasphere).

L f.l'.ll'dt'.l‘.'d'tr.ll'da.lrll.:' Olservetents oo Pre die Bovs
Sewr e Fufure

From the number density of emitierns and emissivity resulis
of Section 4 we gather that calculating  heavy-element
populations direcily through the rale equations insead of via
the assumplion of SE can be imponant s undersiand the
obscrvations of surges Jand of ether fast phenomena that reach
TR wemperatuses i their periphery like spicules (De Ponticu
etal. 2007 or LY bursts (Hansteen e al. 20075 Inthat section,
analyzing the SiIv and OV emissivities of the plama
clements, we find that the ratie bemween them s approsimately
2 in the regions with the highest emission within the ETR.
Even though the intensity ratio is moedne commonly uaed {Hayes
& Shine 1987 Feldman o al 20608 Polits et al. 20016, among
others), the emisivity ralie can abko be a valahbk ool 1o
understand the behavier of the jons in different segions of the
Sun. In panicular, we so¢ that in the ETR this ratie i lager
than in the TR thai has nod boen perurbod by the flox
cmerpence and subseguent surpe and for jet phenomena {QTR).

T provide thesetical suppon 1o the NS201T observations
and predictions for Puure enes, in Section 5 we have thenefore
compuied the synthetic ofiles of Sy ALD2TT and O1Y
ALA0LL 6, waking ine account the Doppler shifl bocause of the
plasma velocity and degrading  the spatial and special
resglutions 1o the [ ones. An LOS imtegration of the
ciissivities has alao been camied oul, 1o provide a messuse Dog
the iotal intensily emitied by the different regions of the surge.
The strengest brightenings in S0 5 and O have bBeen ocated
at the site of te inemal Pespeing, followed by the oress and
the extemal footpoint (Figure 9, Section 5,10 The inkensiy
ratio betweon Si0V and O W in these regions is approsimately
5 {although it can range from 2 o 7). Those values ae between
thaose for a cononal hoke and a quisscent active region obtainad
by Maninez-Sykora @ al. (20016), which is consisient sinoe we
are mimicking an initial stratification similar o a corenal hole
in which a wmal axial magnetic fux in the mange of an
ephemeral active region (Zwaan [987) has been njecied. The
comparison of the todal inkensity for the NEQ and SE cases
iFigure [0, Section 5.10 leads o a furher indication of the
imprtance of using NEQ aquations o determine the numbsers
density of 5i1v: the NEQ calculation yields intensities coming
out of the surge that are a fBowe of between tvo and [0 larger
than when SE b assumed. For 01V, instesd, the NEQ and 5E
calculations yield similar integrated  intensities. For O v,
therefone, the NED cakulations ae imporant mainly o
determine derived quantities like numbser densitics of emitiers
i, (Section 4.1 and wemperatunes (Section .20 In addition, we
have found that for Si1v all the regions in the surpe have a
greaier intensily than the QTR: this can explain why the surpe
can be ehservational ly distinguished from the QTR a5 found in
the ME20NT praper.

B b e Siverio, Moreso- meerees, & M ok -5 viiom

The high brighiness of varous feawres in the surge has been
acn lo arise inono small part from different LOS effects ted 1o
the peculiarly irepular shape of s TR, and, in panicular, 1o is
varying inclination and the folds that develop in i
{Section 5.2 On the one hand, whenever LOS and the tangent
plane o the TR ae ol mually onhogonal, the issuing
infensity collects emissivily from a larger number of plasma
clements in the TR {alignment ¢ ffect); on the other hand, given
that the surpe's TR is variously folded, forming cresis and
wedpes, the LOS crosses the emiding layer nultiple times
{muhiple -crossing effect)y. The alignment and mohiple-cresing
effeds ane quite evident in the feoipeins and cresis. This
cxplains their remarkable brighiness and makes clear their
postential as beacons 1o indicate the presence of those special
features in surge-like phenomena when observed in TR lines
like 801w (Figure |10 Additionally, the multiple crossings can
also have an impact on the observed Doppler shifis sinee we
could e indeprating varous emifiing lyers with difficrent
dynamics. 5o, when confroned with a TR ohservation of a
region where a swrge is king place, the detection of strong
brighienings in 8i 1V and O1Y could help unesvel the geomeiny
of the surpe. Funhemone, since the intemal Doopoint of the
surge is close o the meconnection site, we might alse find
observational evidenoes of reconnection in the neighborhood.
This poovides theometical suppont 1o the location of the
brighienings in the /RIS observations by NS2017. In addition,
ifstrong signals are observed in Si W eled io some moderate
signal in O, they could comespond to the cress and the
exterml foodpoint of te surge; nonetheless, the et of the
surge struciune oould b only differentiated from the TR
in Si 1.
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