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We present magnetohydrodynamic simulation of the evolutiofrom quasi-equilibrium to
onset of eruption of a twisted, prominence-forming coronainagnetic ux rope underlying
a corona streamer. The ux rope is built up by an imposed ux engrgence at the lower
boundary. During the quasi-static phase of the evolution, @ nd the formation of a
prominence-cavity system with qualitative features resebling observations, as shown
by the synthetic SDO/AIA EUV images with the ux rope obsena above the limb
viewed nearly along its axis. The cavity contains substructes including “U”-shaped or
horn-like features extending from the prominence enclosga central “cavity” on top of
the prominence. The prominence condensations form in the @i of the highly twisted
eld lines due to runaway radiative cooling and the cavity iSormed by the density
depleted portions of the prominence-carrying eld lines etending up from the dips.
The prominence “horns” are threaded by twisted eld lines cataining shallow dips,
where the prominence condensations have evaporated to conoal temperatures. The
central “cavity” enclosed by the horns is found to correspod to a central hot and dense
core containing twisted eld lines that do not have dips. Theux rope eventually erupts
as its central part rises quasi-statically to a critical hght consistent with the onset of
the torus instability. The erupting ux rope accelerates toa fast speed of nearly 900
km/s and the associated prominence eruption shows signi cant rotational motion and
a kinked morphology.

Keywords: magnetohydrodynamics (MHD), methods: numerical simu lation, sun: corona, sun: coronal mass

ejection, sun: magnetic elds, sun: prominences

1. INTRODUCTION

Solar laments and prominences are observed to be a major psecwf coronal mass ejections
(CMESs) (e.g.Webb and Hundhausen, 198 AWhen observed in white light or EUV above the
limb viewed nearly along their lengths, they often display a pr@nce-cavity system with a
relatively dark cavity surrounding the lower central prorairce (see review liyibson, 201 EUV
observations of prominence-cavity systems have also shobsirsictures within the cavities with
“U”-shaped prominence “horns” extending from the promineneagclosing a central “cavity” or
“void” on top of the prominence, see e.g., Figures 8, 1Ziimson (2015and Figure 2c irSu et al.
(2015) The rst 3D MHD simulations of prominence formation in a stabkquilibrium coronal
magnetic ux rope were carried out byia et al. (2014); Xia and Keppens (2019/ith the use
of adaptive grid re nement and including the chromosphere ke tower boundary, their 3D
simulations obtained a prominence-cavity system with thenpireence showing ne-scale, highly
dynamic fragments, reproducing many observed featuresige®DO/AIA observations.
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Recentlyfan (2017 hereafter F17) andlan (2018)hereafter allow for the development of the radiative instability thatts
F18) have carried out 3D MHD simulations of prominenceto the formation of prominence condensations in the coronal
forming coronal ux ropes under coronal streamers, with the ux rope as shown in the simulations of F17 and F18. The
ux rope evolving from quasi-equilibrium to onset of eruptipn simulation domain is in the corona, ignoring the photosphere
leading to a CME with associated prominence eruption. In thoseand chromosphere layers, with the lower boundary temperature
simulations, a signi cantly twisted, longitudinally extged ux (T D 5 1P K) set at the base of the corona, but with an
rope is built up in the corona under a pre-existing coronaladjustable base density (and hence base pressure) that depend
streamer solution by an imposed ux emergence at the loweupon the downward heat conduction ux to crudely represent
boundary. During the quasi-static evolution of the emergexi  the e ect of chromospheric evaporation (Equations (17, 18) and
rope, cool prominence condensations are found to form in thehe associated descriptions in F17). The radiative losstifumc
dips of the signi cantly twisted eld lines due to the radimé 3 (T) used for the radiative cooling in Equation (13) in F17 is
instability driven by the optically thin radiative coolingf the the “actual” curve shown irrigure 1 of F17 (also the same as
relatively dense plasma in the emerged dips. In the prominencehe “PROM” case in F18). As described in F17, the radiativ& los
forming ux rope simulation in F18 (labeled as the “PROM” function used is modi ed to suppress cooling far 7
simulation in that paper), we nd that the prominence weight 10" K, so that the smallest pressure scale height of the coolest
is dynamically important and can suppress the onset of the kinplasma that can form does not go below two grid points given
instability and hold the ux rope in quasi-equilibrium for a our simulation resolution. In the following we describe the
signi cantly longer period of time, compared to a case withoutspeci c changes that have been made in the set-up of the
prominence formation. We also nd the formation of a cavity current simulation.
surrounding the prominence, and substructures inside thatga The empirical coronal heating used in this simulation is
such as prominence “horns” and a central “cavity” on top of themodi ed to use two exponentially decaying (with height)
prominence. However in the simulations in F18, a pre-existingomponents instead of just one used in F17, i.e., we change
streamer solution (the “WS” solution in F17) with a wide meanEquation (14) in F17 to the following:
foot-point separation of the arcade eld lines are used and the
corresponding potential eld has a slow decline with heighs. A
a result, we obtained a prominence and cavity that extend to F F
rather large heights that are larger than typically obsehe&fdre HD Llfexp r RJ=. C |_2|?2§eXp r R)=2 (1)
the onset of eruption. Here we extend the work of F17 and F18
by modeling the prominence-forming ux rope under a pre-
existing coronal streamer with a signi cantly narrower nmea where the input energy ux densities for the two components
foot-point separation for its closed arcade eld lines. We ndareF; D F», D 5 1CPergscm?s 1, and the decay lengths
the formation of a prominence-cavity system with the heightsareL; D 5 109 cm andL, D 2.5 1@ cm,r is the
for the prominence and the cavity that are more in accordanceadial distance to the center of the sun aRgdenotes the solar
with those of the typically observed quiescent prominenceradius. The rst much more extended component is aimed to
cavity systems. We carry out a more detailed analysis of theeat and accelerate the background solar wind and open up
characteristics of the 3D magnetic elds comprising the deet  the ambient coronal magnetic eld. The second more spatially
features of the prominence-cavity system. We also nd thaton ned heating is aimed to enhance the heating near the base
the ux rope begins to erupt at a signi cantly lower height, to enhance the base pressure and plasma in ow into the corona,
consistent with the onset of the torus instability, and fésin  which promotes the formation of prominence condensations in
a fast CME with an associated prominence eruption that showstae emerged ux rope.
kinked morphology. As described in section 3.1 of F17, we rst initialize a 2D

quasi-steady solution of a coronal steamer with an ambielars

wind in a longitudinally extended (in) spherical wedge domain.
2. MODEL DESCRIPTION We use the same simulation domain (with2 [Rs, 11.4R],

2 [75,105],and 2 [ 75,75], whereRs is the solar

For the MHD simulation presented in this paper, we use theadius) and the grid as those for the “WS-L" (wide-strearfterg
same numerical MHD model described in detail in F17. Theux-rope) simulation in F17 (also the “PROM” simulation in
readers are referred to that papers sections 2 and 3.1 for tH€l8). However, we use the initial normal ux distribution of a
description of the equations solved, the numerical code, andarrow bipolar pair of bands on the lower boundary as that for
the initial and boundary conditions for the simulation set- the NS (narrow-streamer) solution in F17 (see Figure 2b iR)F1
up. As a brief overview, we use the “Magnetic Flux Eruption’and increase the eld strength by a factor of two. We obtain the
(MFE) code to solve the set of semi-relativistic MHD equationselaxed 2D quasi-steady streamer solution for the initialtes
[Equations (1-6) in F17] in spherical geometry, with the gyer as shown inFigure L The cross-sections (panels a,b) of the
equation explicitly taking into account the non-adiabatieds initial state show a dense helmet dome of closed magnetic eld
of an empirical coronal heating (which depends on height only)approximately in static equilibrium, surrounded by an ambien
optically thin radiative cooling, and the eld-aligned elemt  open eld region with a solar wind out ow with ow speed that
heat conduction. The inclusion of these non-adiabatic asect accelerates to supersonic and super Alfvénic speed (see panel c)
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FIGURE 1 | The relaxed 2D quasi-steady streamer solution for the irgli state. (A) shows the cross-section density,(B) shows the cross-section radial velocity
over-plotted with magnetic eld lines, (C) shows the parallel velocity V, the Alfvén speela, and sound speed Cg along an open eld line [marked as the green line in
(A,B)] in the ambient solar wind.(D) shows a 3D view of the initial streamer eld lines in the simuteon domain with the lower boundary color showing the normalux
distribution of the initial bipolar bands.

A 3D view of the initial streamer eld lines in the simulation compared to 0.2R; for that in the PROM simulation in F18.
domain is shown irFigure 1D. The narrower foot-point separation results in a faster decline
Into this initial streamer eld, we then impose at the of eld strength with height for the corresponding potential
lower boundary the emergence of a twisted magnetic torus byld in the present case. With a stronger arcade foot-point eld
specifying an electric eld as described in F17 (see Equsatiorstrength, we expect a stronger con nement of the emerging ux
(19-22) and the associate description in F17). The speci mope to a lower height, and hence smaller cavity and prominence
parameters for the driving emerging torus (see the de nison heights, improving upon the PROM case in F18, in which the
of the parameters in F17) used for the present simulation arezavity and prominence heights obtained are too high compared
the minor radiusa D 0.0431R;, twist rate per unit length to the typical observed values. Furthermore, the strongdd e
g=a D 0.0166 rad Mm®, major radiusR® D 0.7Rs, axial strength lower down and the faster decline with height of the
eld strengthB;a=R° D 106 G, and the driving emergence speectorresponding potential eld are expected to have signi cant
Vo D 1.95 km/s. The driving ux emergence at the lower e ects on the height for the onset of the torus instability and
boundary is stopped when the total twist in the emerged uxthe acceleration of the erupting ux rope as shown in previous

rope reaches about 1.76 winds of eld-line twist between the t simulations byT6rok and Kliem (2007,)
anchored ends.

We note that the present simulation and the PROM
simulation in F18 are similar in the driving ux emergence, 3. SIMULATION RESULTS
where a long ux rope of similar total twist is driven into the
corona. The essential di erence is that the pre-existing éeca 3.1. Overview of Evolution
eld in the streamer of the present simulation has a signi tign  Figures 2a—fshow snapshots of the 3D coronal magnetic eld
narrower foot-point separation and a stronger foot-point eld lines during the course of the evolution of the emerged caton
strength (compar&igure 1Bin this paper and Figure 2bin F18). ux rope, from the quasi-static phase to the onset of eruption.
The mean foot-point separation in the present case isR13 The eld lines shown in the snapshots are selected as follows.
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FIGURE 2 | (a—f) show a sequence of snapshots of the 3D magnetic eld lines thragh the course of the evolution of the emerged coronal ux ropgand (g—I) show
the corresponding synthetic SDO/AIA EUV images in 304 A chanhéom the same perspective view.

A set of eld lines from a set of xed foot points in the pre- simulation domain:

existing bipolar bands are traced as the red eld lines (sanh@ e Z

lines as those traced iRigure 1D for the initial state). For the IchannelD N3(1) fehanne(T(1)) dl, )
representative eld lines in the emerged ux rope, we trace eld

lines from a set of tracked foot points at the lower boundargtth wherel denotes the length along the LOS through the simulation
connect to a set of selected eld lines of the subsurface gimgr domain,l hanneidenotes the integrated emission intensity at each
torus and color the eld lines (green, cyan, and blue) based opixel of the image in units of DN/s/pixel (shown in LOG scale
the ux surfaces of the subsurface tor#sgures 2g—Ishow the in the images), “channel” denotes the AIA wavelength chénne
synthetic SDO/AIA EUV images in 304 A channel as viewedwhich is 304 A in the case fdfigures 2g-), ne is the electron
from the same line of sight (LOS) corresponding to the snapshothumber density, andfichanne(T) is the temperature response
shown inFigures 2a—f The synthetic AIA images are computed function that takes into account the atomic physics and the
by integrating along individual line-of-sight (LOS) thrgh the  properties of the AIA channel Iter. We obtain the temperature
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evaluated as the total mass with temperature beloWKL@From
A t D 0 to 8.42 h,Ey increases as the emergence of a twisted
magnetic torus is imposed at the lower boundary, and a long
B coronal ux rope is built up quasi-statically, con ned by the
sg coronal streamer as can be seen in the snapshbigore 2aat
= t D 8.42 h. The emergence is stopped Bt 8.42 h at which time
2 ] the total eld line twist about the axial eld line of the emezd
& o ] ux rope reaches about 1.76 winds between the anchored ends.
[ 1 This twist is above the critical value (about 1.25 winds) tfee
0 E, ‘ onset of the kink instability for a simple 1-dimensional cylircal
0 5 10 15 20 line-tied force-free ux rope ood and Priest, 1991 However
time (hour) subsequently, the ux rope is found to settle into a quasiistat
B 1000[ 1 rise phase over a long period of time (corresponding to about
[ 1 131 Alfvén crossing times along the axis), fronD 8.42 h to
800 ] aboutt D 17 h, with nearly zero acceleratioRigure 3B). We
_ [ ] nd that a long extended prominence has formed in the emerged
2 600; 1 ux rope (seeFigures 2g,h), with the prominence condensations
i 400 - ] in the dips of the twisted eld lines. In the PROM simulation
r 1 in F18, it is shown that the cool prominence condensations
2001 ] form due to the development of the radiative instability okth
[ 1 dense plasma in the dips after their emergence. Here in the
oL w . — present case we nd that cool prominence condensations begin
g 5 e (hour) 18 20 to form even earlier in the ux emergence, soon after the apex
c s of the ux rope emerges, as dense plasma is pushed into the
2.0x10"T ' , . .
r corona with the stronger ux rope eld. However these earlier
5 o 1 forming condensations are unsteady and drain down as the ux
» 1.5x107 ] rope emergence continues, and later more stable condensatio
g | form in the dips of the emerged eld lines as in the PROM
§ 1.0x1o15} a case. IrFigure 3Cwe see large temporal uctuations of the cool
2 [ 1 prominence mass during the early phase of the ux emergence.
§ 5.0x10"" ] After the emergence is stopped (marked by the vertical dotted
o [ ] line in Figure 3), the prominence mass shows both a phase of
of ‘ ‘ A~ continued increase and then a gradual decrease during thsiqu
0 5 10 15 20 static phase (front D 8.42 h to about D 17 h). However
time (hour) this change from an increase of prominence mass to a decline
does not seem to be associated with any signi cant chandeain t
FIGURE 3 | (A) The evolytion of tht=T total mégnetic energEm and to'FaI kinetic rise velocity in the quasi-static phase. During this quaatisrise
energy Ey, (B) the evolution of the rise velocity at the apex of the axial eléine . . R
of the emerged ux rope, and (C) the evolution of the cool prominence mass in perlod the magnetlc energy decreases SIOle we 3) due
the corona evaluated as the total mass with temperature belw 10° K. to the continued magnetic reconnections, until abduD 17

h when it reaches a height of about D 1.1Rs, where the

ux rope begins a monotonic acceleration (segure 4A) and
erupts subsequently with a sharp decrease of the magnetigyener
dependent functiorichanne(T) for the individual lters using the and a signi cant increase of the kinetic energy ($égure 3A).
SolarSoft routineget_aia_response.pro . The response Figure 4 shows that the height (marked by the vertical dotted
function for the AIA 304 A channel peaks at the temperatureline) at which the ux rope begins to accelerate monotonically
of about 8 10K, thus the synthetic emission images show(see panel a) corresponds to the height at which the decay
where the cool prominence plasma condensations form in theate of the corresponding potential eld reaches a magnitutie o
ux rope. For the LOS integration, we also have assumed that thabout 1.6 (see panel b), which exceeds the critical declime rat
prominence condensations are “optically thick” such that whe of about 1.5 for the onset of the torus instability for a tatal

the LOS reaches a plasma where both the temperature goes below rope (e.g.,Kliem and Torok, 2006 Thus in the present
7.5 10* K and the number density is above °bin®, we stop case, the onset of eruption is compatible with the onset of the
the integration for that LOS assuming the emission from bbehi torus instability. We nd that in the present simulation, thax

the plasma is blocked and does not contribute to the integraterope begins to erupt at a signi cantly lower height (at about
emission for the LOSrigure 3 shows the evolution of the total r D 1.17Rs) compared to that (at about D 1.6Rg) in the PROM
magnetic energ¥m, the total kinetic energ¥, the rise velocity simulation in F18. This is because the arcade eld lines ele-

at the apex of the axial eld line of the emerged ux rope, and theexisting streamer of the PROM simulation have a signi cantly
temporal evolution of the cool prominence mass in the coronavider mean foot-point separation and hence the corresponding
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FIGURE 4 | (A) Acceleration at the apex of the ux rope's axial eld line as a 1.0 L 1
function of its height position, and(B) the decay rate of the corresponding I ]
potential magnetic eld strength Bp with heightH (above the surface) when 0.8 L 1
the emergence is stopped (after which the lower boundary nenal magnetic r ]
ux distribution and the corresponding potential eld remain xed). « 0.6 L _
0.4F 1
potential eld declines with height signi cantly more slowl 0 22 1
where the magnitude of the decay rate remains below 1.5 until < 1
aboutr D 1.3Rsin that case. 0.0t .
Although the con ning potential eld in the present case 1.1 1.2 1.3 1.4 1.5
declines with height more steeply, it is stronger lower dowr r (Ry)
and hence the ux rope and the prominence during the quasis
static phase reach signi cantly lower heights compared to the FIGURE 5 | Several radial forcegTop), density (Middle) , and plasma- (the
PROM case, and the ux rope eld Strength is also signi cantly ratio of gas pressure to magnetic pressurefBottom) along the central vertical
stronger. The peak Alfvén speed in the central ux rope cross- !lne through the middle of the u_x rope_|nF|gure 2b . The radial forces shown
tion in the present case reaches about 4. 100 km/s with in the top panel are the magnetic tension forcde, (black curve), the total
sec P ! i %ressure gradient forceFpyq; (blue curve), which is predominantly the magnetic
peak eld strength of about 24G, compared to the peak AIfVeén pressure gradient (because of the low plasma-) as shown in the bottom
speed of about 1,500 km/s and peak eld strength of about 9G panel), the sumFien, C Fpior (green curve), which is approximately the net
in the PROM case during the quasi-static stage. The strong EILorerjtz force,_and the gravity force of the plasméargray (red curve). as a
ux rope eld strength causes the prominence-carrying eld to | "unction of height

be much closer to force-free compared to the PROM case, as

shown inFigure 5compared to Figure 6 in F1&igure 5shows

that the net Lorentz force (the green curve in the top panel} thathe present case however, the magnetic eld is close to fosze-f
balances the gravity force (the red curve) of the prominesce ithroughout the ux rope, even for the prominence-carrying cel

at most about 0.1 of either the magnetic tension or magneti@hus we do not see a signi cant variation of the rise velocity
pressure gradient. In contrast in the PROM case in F18, there @during the quasi-static phase in response to the growth or decli

a signi cant net Lorentz force to balance the prominence gyav of prominence condensation mass as found above, and the onset
that is comparable to the magnetic tension, i.e., the proméeen of eruption is consistent with the onset of the torus instaiili
carrying elds in the ux rope is signi cantly non-force-fre. In  The stronger ux rope eld strength in the present case also
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produces a stronger acceleration and a higher peak velocity (fiased on the variable pressure lower boundary condition used
the erupting ux rope. In the present case the ux rope is found here as described in F17). This enhanced density at the footpoi
to accelerate to a peak velocity of nearly 900 km/sKgpere 3B),  leads to the brightening of the ribbons in 304 channel erpissi
compared to the peak velocity of about 600 km/s reached in th€hey qualitatively represent the are ribbons regularly seen i
PROM simulation (se€igure 4Bin F18). However, the ratio of eruptive ares.
the peak velocity over the peak Alfvén speed of the ux rope ) ) )
is found to be lower (0.22) in the present case compared to thd.2. The Formation of Prominence-Cavity
PROM case (0.4). System
Although the onset of eruption in the present simulation is Figure 7 shows the limb view of the 3D magnetic eld lines
consistent with the onset of the torus instability, becaakthe  (panel a), and synthetic SDO/AIA EUV images in 304 A (panel
signi cant total twist in the emerged ux rope, the erupting b), 171 A (panel c), 193 A (panel d), and 211 A (panel e)
ux rope shows signicant rotational motion and a kinked channels, with the ux rope viewed along its axis at a time
morphology as can be seen ffigures 2d—f The associated (t D 13.88hr) during the quasi-static phase. A similar limb view
erupting prominence also shows a kinked morphology (sewith the ux rope slightly tilted by 5 is shown inFigure 8
Figures 2j-). The rotation of the erupting prominence is more The AIA 171 A, 193 A, 211 A channel images are computed
clearly seen from the view shownkigure 6 where the uxrope in the same way as described in the previous section using
is viewed nearly along its length. We can clearly see the wgth Equation 2 with the temperature response functiRanne(T)
motion of the erupting prominence due to the writhing motion replaced by that for the corresponding channel. The synthetic
of the hosting ux rope. AlIA images with the ux rope viewed nearly along its axis (as
We also note that two brightening ribbons are visible in theillustrated inFigures 7, 8) show the formation of a prominence-
AIA 304 A images Figures 6e f on the lower boundary under cavity system with qualitative features similar to obsdorat
the erupting prominence. The brightening ribbons corresponde.g.,Gibson, 201} Inside the bright helmet dome, we see a
to the foot points of the highly heated, post-reconnectiongeo dark cavity surrounding the lower central prominence (which
just reconnected in the are current sheet behind the erugtin appears dark in the 171 A, 193 A, or 211 A images due to the
ux rope. The strong heat conduction ux coming down along optically thick assumption). In this simulation where we have
the heated post-reconnection loops causes an increase of theed a pre-existing streamer solution with a narrower mean
pressure and density at the foot points at the lower boundaryoot-point separation for the closed arcade eld, we obtained

()

s s00 (€) 04l 000 125 250 875 &
(DN/s/pix)} 3 LOG(1, 1504 (DN/s/pix)}
sos

0.2+

>

PR P R I B R

FIGURE 6 | Successive snapshots of the erupting ux rope eld lines(a—c) and the corresponding synthetic AIA 304 A imagegd—f), viewed with a LOS that is close
to aligned with the length of the ux rope. They show the writhig motion of the ux rope and the associated erupting promineme.
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FIGURE 7 | 3D eld lines (a), and synthetic SDO/AIA EUV images in 304 &b), 171 A (c), 193 A (d), and 211 A (e) channels, with the ux rope viewed along its axis
above the limb, at timet D 13.88hr during the quasi-static phase.(f) shows the zoomed in view of the boxed area ofd) with the cavity substructures labeled.

a signi cantly smaller cavity with lower heights for the d@gv other words, we nd that the prominence and the surrounding
(about 0.2Rs) and the prominence (about 0Rs) compared to cavity are threaded by the prominence-carrying eld lines,
the previous PROM simulation in F18 (about 0.8¢ for the  with the cavity corresponding to the density-depleted portions
cavity height and 0.1Rs for the prominence height), in better of the prominence-carrying eld lines extending up from the
agreement with observations (e.@ipson, 2015 which nd a  prominence dips. As was shown in F18, the runaway radiative
median height for EUV cavities of OR, In the synthetic 193 A, cooling of the prominence condensations in the dips causes
or 211 A images irFigures 7d,e8d,e we also nd substructure a lowered pressure and draining of plasma toward the dips,
inside the cavity, similar to some of the features descrilmed establishing a more rare ed atmosphere along the dip-to-apex
(e.g.,Gibson, 2015; Su et al., 201We nd a central smaller portions of the prominence carrying eld lines compared to the
cavity on top of the prominence enclosed by a“U”-shaped osurrounding dome eld lines without dips. We nd that the cayit
horn-like bright structure extending above the prominen8ech boundary corresponds to a sharp transition from the dipped
substructure is similar to the features as shown in Figurek?8 prominence carrying eld lines inside the cavity to the arcade
in Gibson (2015)and Figure 2c inSu et al. (2015)Here we like eld lines without dips outside in the higher density dome.
examine the characteristics of the 3D magnetic eld compudsin This is illustrated in an example shown Figure 10 Two eld
the di erent parts of the prominence-cavity system formed irrou lines are traced from two adjacent points on the two sides of
MHD model. the cavity boundary, and they show very di erent connecitivit
Figure 9 shows a set of selected prominence-carrying eldo the lower boundary, with the one from inside the cavityrizgi
lines that contain prominence dips and one representativeds&ca a long twisting eld line carrying two prominence dips and the
dome eld line in the high density dome, together with a other from just outside the cavity being a signi cantly ster
vertical cross-section of density placed at di erent locatigfor arcade-like eld line with no dips (seEigure 109. Because of
the di erent panels a—e) along the ux rope. The prominencethe drastic di erence in the connectivity and whether there a
condensation is outlined by the pink temperature iso-surfacgrominence condensations, the two eld lines show very dirtre
with T D 7.5 10%K. It can be seen irFigures 9a—ethat  thermodynamic properties at their two adjacent points near the
as the density cross-section slides along the ux rope, theavity boundary, giving rise to the sharp appearance of the EUV
prominence carrying eld lines intersect the cross-sectiothe  cavity boundary. Note that the arcade-like eld line in therde
low density cavity region, except at the prominence dips. Irregion shows mixed types of foot points, with one foot point
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FIGURE 8 | Same asFigure 7 but with the ux rope viewed slightly tilted by 5 .

connecting to the pre-existing bipolar bands and the othertfooseen in the synthetic EUV image&igures 7d 8d). Tracing
point in the emerging ux rope foot points, suggesting that teer eld lines through this central “cavity" region, we nd that i
have been continued reconnections between the ux rope aed this threaded by long twisted eld lines that contain no dips as
pre-existing arcade eld. shown inFigure 12 However as shown in the cross-sections in
To examine the magnetic eld that produces the substructurd=igures 12a—¢this central “cavity” region is rather a relatively
inside the EUV cavity, we have also traced eld lines that tHreadense and hot central core. Its reduced EUV emission (compared
through the region that contributes to the EUV emission ofto the horns and the outer dome region) is due to the high
the prominence “horns.’Figure 11 shows a set of such eld temperature (reaching about 2.5 MK) that is out of the peak of
lines, together with a cross section showing the local eariss the EUV response function, instead of due to a low density as is
intensity in EUV 193 A channel (the integranak?f105T) in  the case for the outer cavity. We nd that the outer boundary
Equation 2), with the cross-section placed at di erent looa  of the outer cavity has a hot rim of even higher temperature (se
along the ux rope for the di erent panels (a—e), and without the cross section iRigure 129 due to the heating resulting from
showing the cross-section in panel (f). It can be seen thahas t continued reconnections between the dipped, twisted eladin
cross-section slides along the ux rope, the eld lines inems that approach the cavity boundary and their neighboring aecad
the central “U”-shaped region of enhanced EUV emission. Afike eld lines.
shown inFigure 11f we nd that these eld lines that contribute
to the prominence-horn emission are eld lines containing4 CONCLUSIONS
relatively shallow dips, where the prominence condensations
have evaporated to coronal temperatures (above ¥ K and  \We have carried out MHD simulation of the quasi-static
with most parts of the eld lines ranging between 81(° K and  evolution and onset of eruption of a prominence-forming
2.2 10° K) while the density is still relatively high compared coronal ux rope under a coronal streamer, extending the
to the surrounding cavity, and hence producing a favorablgrevious work of F17 and F18. Previous simulations of the
conditions for the enhanced EUV 193 A channel emiSSiOﬂprominence-hosting coronal ux rope (the WS-L simulation in
The cross-sections showing the EUV 193 A channel emission17 and the PROM simulation in F18) have used the WS streamer
intensity in Figures 11a—ealso illustrate that enclosed inside solution in F17 for the pre-existing eld, whose arcade eld
the bright “U"-shaped prominence “horns” is another centraljines have a wide mean foot-point separation. This results in a
region of reduced emission, corresponding to the centralitgd  corresponding potential eld that declines slowly with height
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FIGURE 9 | A set of prominence-carrying eld lines containing prominece dips and one representative arcade dome eld line, all coled with temperature, plotted
with a cross-section of density placed at different locatins along the ux rope for the different panels(a—e). (f) shows the same eld lines without the density

cross-section. A pink iso-surface of temperature aff D 7.5 104K outlines the location of the prominence condensation. Théower boundary surface is colored with
the normal magnetic eld strength. All the images are at the the t D 13.88hr during the quasi-static stage.

FIGURE 10 | Two eld lines traced from two adjacent points on the two sidesof the cavity boundary in the density cross-section shown ira,b) viewed from two
different perspectives from opposite sides of the cross-setion. The pink iso-surface of temperature aff D 7.5 10 K outlines the prominence condensations.
(c) shows the same eld lines from a different view without the desity cross-section and the iso-surface for the prominenceThe lower boundary shows the normal

magnetic eld distribution By.
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FIGURE 11 | A set of eld lines threading through the region that contribtes to the EUV 193 A channel emission that produces the horrike structure inside the
cavity, together with a cross-section showing the local ensision intensity in EUV 193 A channel (the integranae2f;93(T) in Equation 2) placed at different locations
along the ux rope for the different panels(a—e). (f) shows the same eld lines without the cross-section and viewe from a different perspective. The eld lines are
colored in temperature. A pink iso-surface of temperature®T D 7.5 10*K outlines the location of the prominence condensation. Théower boundary surface is
colored with the normal magnetic eld strength. All the image are at the same time { D 13.88hr) as those inFigure 9.

FIGURE 12 | A set of eld lines threading through the central EUV cavity eslosed in the prominence horns, together with a middle crosssection showing the
distribution of EUV 193 A channel emission intensitfa), density (b), and temperature(c). The eld lines are colored in temperature and a pink iso-suaice of
temperature atT D 7.5 104K outlining the location of the prominence condensation islao shown.
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Consequently the emerged ux rope and the prominence andemperature reaching about 2.5 MK that is outside of the peak
cavity that form during the quasi-static stage reach largights  of the AIA 193 A channel (and also the AIA 211 A channel)
(larger than typically observed) before the onset of eruptiontemperature response function. We nd that the central high
For the present simulation we have used a pre-existing streamgmperature core is growing over the course of the quasiestat
solution with a signi cantly narrower mean foot-point sepéim ~ phase. The prominence “horns” and growth of the central hot
and stronger foot-point eld strength for the arcade eld lise core result from a gradual transition of dipped prominence
This results in a stronger eld strength lower down and staepecarrying eld lines to un-dipped but still twisted eld lines akey
decline of eld strength with height for the corresponding rise quasi-statically with the dips becoming shallower ane t
potential eld at the end of the ux emergence. We still drive prominence condensations evaporating. The continued magnet
the emergence of a similar long twisted ux rope into the coaon reconnection at the cavity boundary between the dipped twiste
as in the PROM case in F18. Similar to the PROM case, weld lines and their neighboring arcade like eld lines may be
nd the formation of a prominence-cavity system during the contributing to the quasi-static rise by removing the coimg
quasi-static evolution, but with signi cantly lower heitghfor  eld. We defer to a follow-up paper to conduct a quasi-separatrix
the prominence (reaching about ®J and the cavity (extend layer analysis (e.gRariat and Démoulin, 20)2to study the

to about 0.R), in better agreement with the properties of evolution of magnetic reconnection and how it contributes t
the typically observed quiescent prominence-cavity systévies the removal of the prominence mass and the rise of the ux rope
also nd the formation of cavity substructures, such as theduring the quasi-static phase.

prominence “horns” and central “voids” or “cavities” on toptbe As was noted in F18, previous 3D MHD simulation of
prominences, in qualitative agreement with the observetlifea  prominence formation in a stable ux rope byia et al. (2014)
(e.g.Gibson, 2015; Su et al., 2015 which includes the chromosphere as the lower boundary, fsas al

We have examined the properties of the magnetic elds thafound the formation of a prominence-cavity system with sinil
comprise the dierent parts of the prominence-cavity systeminternal structures in synthetic EUV images. Their explaoaitf
seen in the synthetic EUV images from our MHD model tothe structures obtained in their simulation is di erent frothat
understand the nature of the corresponding observed featurefound in our simulation. They found that the central dark dgv
We nd that the prominence and the outer cavity is composedenclosed by the horns is threaded by two types of eld linethbo
of the long twisted eld lines with dips that contain promineec the dipped twisted eld lines and the arched twisted eld lines
condensationsKigure 9), where the cavity is threaded by the with no dips, while the outer cavity is formed by arched twikte
density depleted portions of the eld lines extending up from eld lines with no dips. The prominence horns are due to the
the prominence dips. As was shown in F18, the formatiorLOS emission from the prominence-corona transition regions
of the prominence condensations due to runaway radiativef the prominence loaded dipped eld lines. They found that
cooling causes an overall lowered pressure in the dips ardlring prominence-cavity formation, density depletion ocsur
plasma draining down toward the dips such that a more rare ednot only on prominence-loaded eld lines threading the cavit
atmosphere is established for the dip-to-apex portions of thend prominence wherén situ condensation happens (as is
eld lines, compared to the surrounding arcade eld lines ireth the case in our simulation), but also on prominence-free eld
denser helmet dome. We nd that the boundary of the outerlines due to mass drainage into the chromosphere. We do not
cavity corresponds to a sharp transition of eld line conneit, nd the latter type of eld lines forming the cavity. Our outer
where neighboring eld lines connect very di erently to the main cavity is threaded by the density depleted portions of the
lower boundary, with long twisted dipped eld lines just inside prominence carrying dipped eld lines, and the inner cavity
the boundary and simple arcade-like eld lines with no dipsis threaded by arched twisted eld lines with no dips, which
just outside Figure 10. The very dierent thermodynamic are not density depleted but appear dark in the EUV emission
properties of the two types of neighboring eld lines give risebecause they are heated to a high temperature (about 2.5 MK). In
to the sharp appearance of the EUV cavity boundary. Thereur simulations, the exclusion of the chromosphere and Xxing
are also continued magnetic reconnections at the boundaryhe lower boundary at the transition region temperature do
causing a high temperature rim at the outer cavity boundarynot allow modeling the change of the transition region height
(see the temperature cross-section shownFigure 129 In  and hence limit the ability to model the condensation/drage
regard to the cavity substructures, we nd that the regionof plasma to the chromosphere with the cool chromosphere
of the central “U”-shaped prominence “horns” with relatively temperature region extending upwards. Furthermore our 3D
enhanced EUV emission inside the cavity are threaded byedist simulations that model both the quasi-static phase and the
eld lines with relatively shallow dips, where the prominenceeruption of prominence-carrying coronal ux ropes have much
condensations have evaporated to coronal temperatures thiile lower numerical resolution (1.9 Mm), compared to that achikve
density is still relatively high compared to the surroundcayity  in Xia et al. (2014); Xia and Keppens (20Mhich use adaptive
(Figure 11). For the central “void” or “cavity” enclosed in the grid re nement. As described in F17 we have modied the
prominence “horns” on top of the prominence, we nd that it radiative loss function to suppress cooling for 7 10*
corresponds to a central high temperature and high densitg corK, so that the smallest pressure scale height (about 4.4 Mm) of
threaded by long twisted eld lines with no dip&igure 12. It  the coolest plasma that forms does not go below two grid points
appears as a central “void” with weakened EUV emission najiven our simulation resolution. The low numerical resadut
because of a lower density, but because it is heated to a higauses large numerical di usion and viscosity that can impact
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signi cantly the heating and hydrodynamic evolution of the in the emerged ux rope, both the erupting ux rope and
plasma. Because of the above limitations of our 3D simulationthe associated erupting prominence show signi cant rotagbn
the results of the thermodynamic properties of the resultingmotion and develop a kinked morphologFigures 2 6).
prominence-cavity system have large uncertainties, and tee
be con rmed or revised by future higher resolution simutais
that include the chromosphere in the lower boundary, whicé ar
our future work. The current simulation qualitatively illusites YF is the primary author of the paper who carried out the
the e ect of the runaway radiative cooling of the prominencesimulation, computed the synthetic images and directed tad
condensations in the dips of the twisted eld lines that causegnalysis. TL carried out the 3D analysis of the simulatioradat
drainage of plasma of the upper portions of these eld lines andhat lead to the major ndings of the paper and contributed to
creates a cavity with a relatively sharp boundary that @po@ds  the writing of the paper.

to the transition from the dipped prominence carrying eld lines

to neighboring arcade-like eld lines. It does not explaireth EUNDING

formation of lament channels or coronal cavities in the abse
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