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Solar	Prominence

IRIS-6

Berger	et	al.,	2011,	Hinode/SOT,	Hα

Prominence
Cool	dense	plasma	cloud
temperature	< 10%K
density	10'~10))	cm,-

Corona
temperature	~10.K
density	10/~10'	cm,-
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Mechanism	of	Prominence	Formation

IRIS-6

What	is	the	origin	of	cool	dense	plasmas	?

Radiative	condensation/Thermal	nonequilibrium (instability):
Coronal	plasmas	are	cooled	down	and	condensed	by	radiative	
cooling. (Karpen et	al.,	2007;	Luna	et	al.,	2012;	Xia	et	al.,2012;	
Kaneko	&	Yokoyama,2015;	Xia	&	Keppens,	2016)

Injection,	Levitaion:
Chromospheric plasmas	are	lifted	up	to	coronal	height		by	jet	or	
emerging	flux.
(Chae et	al.,	2003;	Okamoto	et	al.,2007,2008;	Deng	et	al.,2000	)
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Evaporation-condensation	model

IRIS-6

density temperature
localized
heating

localized
heating

Xia	et	al.	(2012)

evaporation

Chromospheric evaporation	by	Localized	footpointheating
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Evaporation-condensation	model	(3D)

Chromosphericevaporation
by	footpoint heating

Enhancement	of	radiative	
cooling	inside	flux	rope	by	
injection	of	high	density	
plasmas

prominence	formation	by	
radiative	condensation

drainage	of	prominence	to	
chromosphere

Xia	&	Keppens (2016)
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•Temporal	intensity	shift	from	high	
temperature to	low	temperature	
->Radiative	condensation
•Evaporated	flows	had	not	detected.
->In-situ	condensation	in	the	corona

Berger	et	al.	(2012)

Observation	of	in-situ	condensation

211Å	(2.0MK)

194Å	(1.6MK)

171Å	(0.8MK)

304Å	(0.08MK)
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Key	steps	to	radiative	condensation	

IRIS-6 2016/6/23

Evaporation-condensation	model
• Enhancement	of	radiation	by	deposition	of	high	

density	plasmas
• Limiting	thermal	conduction	by	changing	the	

direction	of	thermal	flux	(in	long	magnetic	loop)

Reconnectionand	subsequent	topological	change	of	
magnetic	field	can	also	trigger	radiative	condensation.

Reconnection-Condensation	Model



Reconnection-condensation		model	(2D)

IRIS-6

(a) (b) (c)

Initial	state
stratified	atmoshere
thermal	equilibrium

formation	of	
flux	rope

condensation

•relatively	dense	plasmas	at	the	bottom	(strong	radiation)
•closed	field	line	(limiting	thermal	conduction)

Kaneko	&	Yokoyama	(2015)
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Demonstration	by	2D	simulation

flux	rope	formation

thermal	imbalance	
in	thermally	isolated	
closed	loops

radiative condensation

IRIS-6

Kaneko	&	Yokoyama	(2015)
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Feasibility	of	the	model	in	3D

2.5D
->Temperature	is	uniform	
perpendicular	to	2D	plane	
=>Conduction	along	toroidal	
components	is	ineffective.

3D
→Conduction	along	
toroidal	magnetic	field	
may	suppress	thermal	
instability.

2D	domain

conduction

IRIS-6 2016/6/23



Extension	to	3D	model

IRIS-6

Aim:
Demonstration	of	reconnection-condensation	model	by	
3D	MHD	simulation	including	radiative	cooling	&	thermal	
conduction

converging	
motion

PIL

formation	of	long	loop	with	
dip	

PIL

PIL
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Numerical	setting	1/5

IRIS-6
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Basic	equations:

thermal	conduction

radiative	cooling

heating
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𝜕𝑒
𝜕𝑡 + 𝒗 5 𝛻𝑒 = − 𝑒 + 𝑝 𝛻 5 𝒗 − 𝑛?𝛬 𝑇 + 𝐻 + 𝜂𝐽? + 𝛻 5 𝜅𝑇

>
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Numerical	setting	2/5

IRIS-6
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cooling	loss	function

radiative	cooling

Energy	equation:

background	heating

𝐻 ∝ 𝑃U
coronal	heating	related	to	
magnetic	energy	density					
(e.g.	Parker,	1983)
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Numerical	setting	3/5

24Mm

40Mm
120Mm

Grid	size:120km (uniform)

y

x

z

solar	meeting	@	ISEE

• 4th	order	Runge-Kutta
• 4th	order	central	difference
• Artificial	viscosity	(Rempel,	2012)
• Hyperbolic	divergence	cleaning	

(Dedner,	2002)
• Thermal	conduction:	Super	Time	Stepping	

(RKL	2nd	order,	Meyer	et	al.2012,2014)	

Scheme

Simulation	box:	24Mm	x	40Mm	x	120Mm
(point-symmetry	at	z=60Mm)



Numerical	setting	4/5

side	viewfront	view

Initial	condition
• magnetic	field:	linear	force-free	arcade	field	(< 6	G)
• stratified	under	uniform	temperature	&	gravity	

(𝑇 = 1MK, 𝑛 < 2×10'	cm,-)

IRIS-6 2016/6/23



the	direction	in	which	magnetic	shear	is	reduced
(toroidal	component	is	reduced)

Numerical	setting	5/5

Footpointmotion
converging	&	anti-shearing	motion

top	view
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Result:	side	view
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Result:	top	view
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Loop	length	&	temperature

IRIS-6 2016/6/23

Sufficiently	long	loop Radiative	cooling	is	not	compensated	by	conduction.



Loop	length	&	temperature
time = 0 time = 1000s

time = 2500s time = 3350s

Footpointmotion	stops.

Condensation	starts.

reconnected	
loops

threshold	

IRIS-6 2016/6/23
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Summary	of	our	results
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Van	Ballegooijen &	Martens	(1989)

• Converging	motion	can	lead	not	only	
the	formation	of	flux	rope	but	also	the	
radiative	condensation.

• Reconnection-condensation	scenario	
has	been	demonstrated,	in	which	
radiative	condensation	is	caused	by	the	
topological	change	of	magnetic	field	
due	to	reconnection,	not	evaporation.
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(e)

• Sufficiently	long	reconnected	loops	
suffer	from	radiative	condensation.

converging	motion



Observation	of	filament	formation 1/2
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Yang	et	al.	(2016)

Reconnection Condensation

SDO/AIA	304Å GONG	Hα



Observation	of	filament	formation 2/2
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Yang	et	al.	(2016)		SDO/AIA	304	&	HMI
Reconnection

Filament	formation	(condensation)

evidence that indicates that this loop existed before the start of
the brightening, meaning that there may be a lack of original
connectivity between the opposite magnetic flux patches; T1
and T2 belong to distinct magnetic flux systems. These
observational characteristics reinforce the evidence that
magnetic reconnection may occur between T1 and T2. The
EUV loop, which represents new connectivity, has been
established between the opposite-polarity magnetic flux
patches, and is the product of the reconnection.

The most striking characteristic of this event is displayed by
the AIA 304Å movie in which a twisted coherent structure is
gradually shown to have underwent a rolling motion during the
fadeaway of the brightening (panels (d) and (e)). Interestingly,
it is clearly evident from the Hα observations that the twisted
structure is a filament, which consists of three sections with an
approximate length of about 45Mm (panel (k)). Taking the
magnetic field polarity around the filament into account, it is
obvious that the filament roughly separated oppositely
polarized magnetic fields, with the western ends rooted in a
negative-polarity region and the eastern ends rooted in a
positive-polarity region (panel (l)). As a consequence, the axial

field component of the filament can be determined as pointing
to the right when viewed from its positive-polarity side, and the
filament was identified as dextral, which is consistent with the
preferential filament pattern in the northern hemisphere
(Martin 1998). Careful inspection of the 304Å observations
also shows that the filament probably consists of two sets of
mutually intertwined dark threadlike structures (panel (e)),
which may naturally explain why it displays three sections in
the Hα observations. One set of the dark threadlike structures
may include its western and eastern parts (see the twin arrows).
They first appeared above the brightening and then separated
from each other and lifted up. Finally, they formed a coherent
reverse s-shaped structure, with its dipped part blocked by the
other sets of dark threadlike structures (panels (b) and (e)),
which appeared to be co-spatial with the spread brightening
and showed up immediately after the fade away of the
brightening (panels (d) and (e)). The dynamic evolution of
these dark threadlike structures is also displayed on the Hα

images (panels (i)–(k)). The above observations suggested that
the newly formed filament is a flux rope with twisted magnetic
structures, and its formation is again attributed to reconnections

Figure 2. Sequence of AIA 304 Å (a)–(f) and GONG Hα (e)–(l) images showing the formation of the twisted filament. Simultaneous HMI magnetograms are
overplotted on panel (a) as yellow/green contours for positive/negative polarity, with contour levels of ±100 G. Remote brightening (within circles) and a newly
formed EUV loop, which is displayed on an insert of a 171 Å difference image with the FOV outlined by the rectangle, are observed distinctly in (a). T1 and T2 show
the same features as in Figure 1 but observed in Hα images. The long white arrows, “S,” “S1,” and “S2” mark the slit position of the time slices shown in Figure 3,
while the twin arrows trace the evolution of two dark threadlike structures. The plus and minus signs represent the positive/negative polarity of their location. The
FOV is 100″×50″.

(An animation of this figure is available.)
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et al. (2014), we conduct each DEM result with 50 Monte Carlo
(MC) simulations to evaluate the reliability of the recon-
structed DEMs.

To investigate the behavior of the horizontal photospheric
flows over the filament formation region is critical for studying
the formation and evolution of the filament. In this paper, the
differential affine velocity estimator (DAVE; Schuck 2006) has
been applied to the 12-minute cadence HMI LOS magneto-
grams to derive the photospheric flow field. According to a
former study (Yang et al. 2015), a 20″×20″ box was selected
as the apodizing window, which is large enough to include
structure information and small enough to have a good spatial
resolution.

3. RESULTS

The event occurred at the northeastern edge of active region
NOAA 11755 (N11°W43°), and was centered at approximately
N15°W33°. Figure 1 shows the AIA 304Å (panel (a)) image
and the HMI LOS magnetogram (panel (b)) before the event at
2013 May 29 14:34 UT. The general appearance of the two sets
of threadlike structures are shown in the AIA 304Å image and
labeled T1 and T2, respectively. Moreover, the corresponding
axes of T1 and T2 are superimposed on the HMI magnetogram
and outlined by the red and green lines. T1 spans the PILs, with
its western ends rooted in a negative-polarity region and its
eastern ends rooted in a positive-polarity region, displaying the
characteristics of the FTA (Prata 1971). Whereas T2 nearly
parallels the PILs, with its southern ends anchored in a
negative-polarity region, which is close to the eastern ends of
T1, and with its northeastern ends anchored in the edge of a
positive-polarity region. As a result, magnetic flux cancellation
between the opposite-polarity magnetic flux patches, as well as
magnetic reconnection between T1 and T2 will occur when
they approach and collide with each other.

The formation of the filament is shown in Figure 2 in AIA
304Å and GONG Hα observations. Initially, at about 2013
May 29 14:42 UT, AIA 304Å observations (panel (a)) show
that small-scale brightening emanated from the region where
both the eastern ends of T1 and the southern ends of T2 are
anchored. When counters of HMI magnetograms were super-
imposed on the simultaneous 304Å image (panel (a)), it
became clear that there, positive and negative-polarity
magnetic flux comes into meet with each other. Subsequently,
the brightening expanded rapidly and spread along opposite
directions, which gives the impression of double-sided jets with
arms pointing in opposite directions (Yokoyama & Shi-
bata 1996; Chae 2003; Jiang et al. 2013; Wang &
Muglach 2013). Consistent with previous studies (Yokoyama
& Shibata 1996; Jiang et al. 2013; Wang & Muglach 2013),
this probably implies that magnetic reconnections happened
between T1 and T2. Similar to the two-sided spread bright-
ening that was observed at the edge of the filament channel
(Wang & Muglach 2013), we found that the brightening spread
asymmetrically along T1 and T2, with the brightening along T1
being more pronounced than along T2 (panel (b)). Wang &
Muglach (2013) implied that such asymmetric propagating of
the brightening may be impacted by the photospheric flows
beneath. Apart from that, relatively weak remote brightening
(enclosed by two circles) appeared at the other terminals of T1
and T2. By about 14:47 UT, the propagating brightening
reached a maximum and then faded away over the next few
minutes (panels (b)–(d)). However, the spread of the bright-
ening could not be observed in Hα observations and only Hα

brightening in the source region and the western ends of T2
were observed (panels (g)–(h)), suggesting that low-altitude
magnetic reconnection is very likely occurring in the source
region. It is also visible on the inserted 171Å difference image
showing that an EUV loop was formed, with its two ends
rooted in the adjacent positive and negative-polarity flux
patches. Scrutinizing the AIA observations, we do not find

Figure 1. AIA 304 (a) Å image and the HMI line of sight (LOS) magnetogram (b) taken at 14:34 UT on 2013 May 29 before the event. In (a), the white arrows
indicate the two sets of threadlike structures, “T1” and “T2,” respectively, while the white rectangle displays the field of view (FOV) of Figure 2 and the green
rectangle displays the FOV of Figure 5. In (b), the red and green lines superimposed on the magnetogram depict the axes of T1 and T2, respectively, and the rectangle
shows the FOV of Figure 4. The FOV is 110″×80″.

(An animation of this figure is available.)
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et al. (2014), we conduct each DEM result with 50 Monte Carlo
(MC) simulations to evaluate the reliability of the recon-
structed DEMs.
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grams to derive the photospheric flow field. According to a
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as the apodizing window, which is large enough to include
structure information and small enough to have a good spatial
resolution.
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that small-scale brightening emanated from the region where
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anchored. When counters of HMI magnetograms were super-
imposed on the simultaneous 304Å image (panel (a)), it
became clear that there, positive and negative-polarity
magnetic flux comes into meet with each other. Subsequently,
the brightening expanded rapidly and spread along opposite
directions, which gives the impression of double-sided jets with
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ening could not be observed in Hα observations and only Hα

brightening in the source region and the western ends of T2
were observed (panels (g)–(h)), suggesting that low-altitude
magnetic reconnection is very likely occurring in the source
region. It is also visible on the inserted 171Å difference image
showing that an EUV loop was formed, with its two ends
rooted in the adjacent positive and negative-polarity flux
patches. Scrutinizing the AIA observations, we do not find

Figure 1. AIA 304 (a) Å image and the HMI line of sight (LOS) magnetogram (b) taken at 14:34 UT on 2013 May 29 before the event. In (a), the white arrows
indicate the two sets of threadlike structures, “T1” and “T2,” respectively, while the white rectangle displays the field of view (FOV) of Figure 2 and the green
rectangle displays the FOV of Figure 5. In (b), the red and green lines superimposed on the magnetogram depict the axes of T1 and T2, respectively, and the rectangle
shows the FOV of Figure 4. The FOV is 110″×80″.

(An animation of this figure is available.)

3

The Astrophysical Journal, 816:41 (9pp), 2016 January 1 Yang et al.

Cancellation	



Discrimination	of	models	by	observation
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Reconnection Condensation
Flare Evaporation

Mag.	topology	change

• From	which	route	does	the	high	density	plasmas	come	?

• How	is	the	thermal	evolution	?

Evaporation Evaporation Reconnection



Phase-mixing	in	Prominence	1/2
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Kaneko	et	al.	(2015)	

Cross-field	waves		
Velocity	 Density	

Phase	mixing	of	standing	
Alfven	waves	in	the	flux	rope

Fast	mode	?



Phase-mixing	in	Prominence
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𝜆jk 𝑟, 𝑡 =
1

𝑡 − 𝑡m
2𝜋𝑟?

𝑣o(𝑟)

wavelength	@	𝑟=4	Mm

𝜆 in	simulation

Phase-mixing

• Cross-field	wavelength	
decreases	with	time.

Kaneko	et	al.	(2015)

• Eigen	frequencies	vary	
across	magnetic	field.

High	spatiotemporal	resolution	
of	IRIS	has	advantage	to	detect	
phase-mixing.	



Conclusion

• We	demonstrate	reconnection-condensation	model	by	2D	&	3D	
MHD	simulation	including	radiative	cooling	&	thermal	conduction

• In	3D	simulation,	although	thermal	conduction	along	toroidal	
magnetic	components	are	effective,	radiative	condensation	is	
triggered	in	the	dip	of	sufficiently	long	helical	magnetic	field.

IRIS-6 2016/6/23

• IRIS	multiwavelength observation	with	high	spatiotemporal	resolution	
has	advantage	for	detect	the	flows	&	waves	associated	with		
prominence	condensations.
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