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Introduction

• Coronal rain is composed of cool and dense blobs of plasma 
observed at coronal heights in cool chromospheric lines 
(Kawaguchi 1970). 

• Associated with active region loops and fall along curved loop-
like paths with speeds less than free-fall speed 

• Multi thermal in nature and appear in hot dense coronal loops 
in few minutes (catastrophic cooling) 

• Observed with high spatial and temporal resolution using 
CRISP (Antolin, 2012) 

• Average width -> 310 km 
• Average length -> 710 km  
• Transverse oscillations have been shown to be associated with 

coronal rains using SOT/Hinode (Antolin & Verwichte, 2011) 



• Heating: Fading in cool line (104 K), subsequent 
appearance in hot line (105 K)

• POS motion out-of-phase with LOS velocity
• Thread-like structure
➡ Explained with 3D MHD transverse wave model: 

KHI + resonant absorption (current model)

Hinode/SOT（Ca II, 10,000 K)

IRIS/SJI (Si IV, 100,000)
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逸させる方法として、「共鳴吸収」「位相混合」「サイクロトロン共鳴」などの物理過程が考えられて
いますが、観測的に捉えることは困難とされてきました。「ひので」は空間分解能力が高く、微細
な構造の動きを世界最高レベルで捉えることができますが、観測できるのは上下方向の動きの
みで、奥行き方向の動き（我々に近づいたり遠ざかったりする方向）はわからず、アルヴェン波の散
逸に関連する決定的な物理情報を得ることができません。

そこで今回、「ひので」に加え、2013年に打ち上げられた NASA の太陽観測衛星「IRIS」を用い
て、散逸過程の解明に迫りました。「IRIS」は、「ひので」の観測を踏まえて提案・開発された衛星
で、「ひので」と同等の空間分解能力で紫外線の分光観測を行います。これにより、奥行き方向の
動きを捉えることができ、「ひので」による上下方向の動きと組み合わせることで、太陽大気の運
動を詳細に調べることが可能となりました。

2013年10月19日、両衛星による共同観測を実施し、 コロナ中に浮かぶプロミネンスのデータ
を取得しました。「ひので」の観測からは、プロミネンスを構成する磁力線の上下振動が複数検出
されましたが、その振動箇所における奥行き方向の運動は、通常想定される振動パターンとは異
なったものでした。通常の振動パターンとは、上下振動の最上点と最下点で速度ゼロ、中心位置
で速度最大となるものを指しますが、今回観測されたものは最上点と最下点で最大速度、中心
位置で速度ゼロとなるものでした。

我々は、この特異な動きは「共鳴吸収」による波動散逸の結果ではないかと考えました。そこで、
波動に伴うプロミネンス振動の 3次元シミュレーションを実施し、磁力線の動きを再現しました。
このシミュレーションから、磁力線の振動エネルギーの一部は共鳴吸収により磁力線表面の運動
に変換され、その結果として振動が徐々に減衰していくことがわかりました。また、疑似観測デー
タを作ると、上下振動に対する表面運動のパターンが、観測された奥行き方向の動きに対応する
ことが明らかになりました。よって、観測された振動パターンは、共鳴吸収に伴う磁力線の表面運
動と解釈できます。また、この運動は磁力線表面に無数の小さな渦を作り、その渦がエネルギー
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Transverse MHD waves in prominences
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IRIS/Hinode observations
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• Thread-like structure
• Transverse oscillations
• Signatures of damping
• Strong transverse coherence 

in the plane-of-the-sky (POS) 
motion and the line-of-sight 
(LOS) velocity

Hinode/SOT

IRIS/SG



Numerical simulation

Density cross-section of prominence thread

Velocity shear amplified by resonant absorption -> Kelvin-
Helmholtz instability significantly deforms the flux tube

KHI takes up the resonant (azimuthal) dynamics to the observable scale

Prominence thread - Mg II k intensity Density cross-section



Comparing with Hinode & IRIS 
observations

Observational results

Simulated Hinode intensity map
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いますが、観測的に捉えることは困難とされてきました。「ひので」は空間分解能力が高く、微細
な構造の動きを世界最高レベルで捉えることができますが、観測できるのは上下方向の動きの
みで、奥行き方向の動き（我々に近づいたり遠ざかったりする方向）はわからず、アルヴェン波の散
逸に関連する決定的な物理情報を得ることができません。

そこで今回、「ひので」に加え、2013年に打ち上げられた NASA の太陽観測衛星「IRIS」を用い
て、散逸過程の解明に迫りました。「IRIS」は、「ひので」の観測を踏まえて提案・開発された衛星
で、「ひので」と同等の空間分解能力で紫外線の分光観測を行います。これにより、奥行き方向の
動きを捉えることができ、「ひので」による上下方向の動きと組み合わせることで、太陽大気の運
動を詳細に調べることが可能となりました。

2013年10月19日、両衛星による共同観測を実施し、 コロナ中に浮かぶプロミネンスのデータ
を取得しました。「ひので」の観測からは、プロミネンスを構成する磁力線の上下振動が複数検出
されましたが、その振動箇所における奥行き方向の運動は、通常想定される振動パターンとは異
なったものでした。通常の振動パターンとは、上下振動の最上点と最下点で速度ゼロ、中心位置
で速度最大となるものを指しますが、今回観測されたものは最上点と最下点で最大速度、中心
位置で速度ゼロとなるものでした。

我々は、この特異な動きは「共鳴吸収」による波動散逸の結果ではないかと考えました。そこで、
波動に伴うプロミネンス振動の 3次元シミュレーションを実施し、磁力線の動きを再現しました。
このシミュレーションから、磁力線の振動エネルギーの一部は共鳴吸収により磁力線表面の運動
に変換され、その結果として振動が徐々に減衰していくことがわかりました。また、疑似観測デー
タを作ると、上下振動に対する表面運動のパターンが、観測された奥行き方向の動きに対応する
ことが明らかになりました。よって、観測された振動パターンは、共鳴吸収に伴う磁力線の表面運
動と解釈できます。また、この運動は磁力線表面に無数の小さな渦を作り、その渦がエネルギー
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Numerical results
Prominence thread - Mg II k intensity Motion of prominence plasma crossing the slit

IRIS

Hinode/SOT

very good 
match with 

observations

(Okamoto+2015, 
Antolin+2015)



45° LOS plane

Si IV (~ 105 K)

Mg II k Doppler velocity

fading & thinning in 
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Other considered interpretations
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negligible values at the center of the tube. This means that the
emergent intensity in both of these lines comes from the
boundary of such flux tubes.

4. DISCUSSION

4.1. A Ring Shape for the Source Function

The obtained ring shape for the source function in Mg II h
and k and Ca II H and K is mostly a temperature effect. The
cool prominence plasma around the boundary layer is heated
up by the KHI to transition region temperatures, thereby
inwardly enlarging the transitional layer from the core to the
surrounding corona. The higher temperature in the outer ring
raises both the electron density and the electron temperature,

both giving rise to more collisional excitations in the h and k
lines (that are then followed by an increased rate of
spontaneous emission). The radiative transfer results further
suggest that cool chromospheric cores of such flux tubes do not
contribute to the intensity in Mg II h and k but only to opacity.
The opacity in these lines depends on the ground level
populations in Mg II and not on the radiation field. Also, the
emerging intensity is optically thin and is therefore mostly
dependent on temperature. Accordingly, rays going through the
center of the tube are optically thick (in k more than in h, by a
factor of two); thus, these suffer from self absorption of the
signal that comes from the back surface. Such rays have an
intensity ratio of k and h lines tending to 1.5. On the other
hand, rays going through the surface of the tube only have

Figure 7. Schematic representation of the physical model explaining our observations and other considered interpretations. (a)–(b) The transverse MHD wave model:
a single flux tube and multiple flux tubes subject to a kink wave. (c)–(d) Flux tube with a torsional Alfvén wave alone or coupled with a kink wave. (e)–(f) Flux tube
with rotation alone or coupled with a kink wave. The observed threads can each correspond to a flux tube (a), (d), (f) or to high density regions within a flux tube (b),
(c), (e). Locations of the IRIS slit are sketched as green, yellow, and red boxes, as in the observations (5). The width of the slit corresponds to that of the thread. The
predicted Doppler signal at each slit location (solid) and the POS motion (dashed) in time is sketched on the right side in each panel. For (c), two cases can be
distinguished depending on the location of the slits over the flux tube. In each case the middle position is the equilibrium position for an oscillation. In the top/bottom
position, the thread is the furthest away/closest from/to the observer. For the transverse MHD wave model (a), (b) the azimuthal motions result in a blue/redshift at
the topmost/bottom position (blue/red arrows), as observed. None of the other scenarios match the observations.
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AIA 193 A IRIS 1400 A

IRIS Sg 
slit

Observations

• High spatial (0.166”/pixel) resolution 
• 4 step raster with step cadence ~ 9 sec.  
• SJI 1400 A cadence -> 18 sec 
• Sg slit 1 and 3 are seen in consecutive IRIS 1400 A SJI 
• Sg slit 2 and 4 are seen in consecutive IRIS 2796 A SJI 



Transverse Oscillations 

•Radial 
gradient filter 
is applied 

•Several 
transverse 
oscillations 
are seen 

•Nine different 
artificial slices 
are placed

Si 1400 A



Mg 2796 A

•Radial 
gradient filter 
is applied 

•Several 
transverse 
oscillations 
are seen 

•Slit 8 is placed 
which is co-
spatial with 
1400 A SJI
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Sinusoidal fitting 
is performed 
using the 
algorithm as 
described in 
Morton et al 
(2012)
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Blobs move along the coronal loop -> Intensity 
enhancement not seen all the time at a fixed position



Slit 8 (Si 1400 A)

Spectrograph slit 
position 3 Loop is passing through the 

Sg slit 3 while oscillating
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Slit 8 (Mg 2796 A)
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Loop is passing through the Sg slit 3 and  
Sg slits 2 and 4 surround the loop

Spectrograph slit 
position 4



Slits co-moving with blobs



• Blobs accrete material while moving.  
• Expand, stretch and breaks into several small blobs 
• Difficult to follow a single blob -> extremely subjective





Velocity amplitude



Spectroscopic Analysis

• 4 step sparse raster was taken 
• Step cadence -> 9 sec and step distance -> 1” 
• Analogous -> 4 sit and stare with cadence of 36 sec 

• Si IV 1394 A, 1402 A and Mg II 
K line spectra are present 

• Used Si IV 1394 A and Mg II K 
with single Gaussian fitting 

• Absolute wavelength calibration 
is not performed 

• Mg II k 2796 A and Si IV 1394 A 
datasets are aligned choosing 
small coronal rain blobs which 
are seen in both wavelengths 

• No offset is noted in the 
datasets of both wavelengths  







Si 1394 A



Mg 2796 A



Velocity amplitudes at 
slit 8 position

Si 1394 A
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negligible values at the center of the tube. This means that the
emergent intensity in both of these lines comes from the
boundary of such flux tubes.

4. DISCUSSION

4.1. A Ring Shape for the Source Function

The obtained ring shape for the source function in Mg II h
and k and Ca II H and K is mostly a temperature effect. The
cool prominence plasma around the boundary layer is heated
up by the KHI to transition region temperatures, thereby
inwardly enlarging the transitional layer from the core to the
surrounding corona. The higher temperature in the outer ring
raises both the electron density and the electron temperature,

both giving rise to more collisional excitations in the h and k
lines (that are then followed by an increased rate of
spontaneous emission). The radiative transfer results further
suggest that cool chromospheric cores of such flux tubes do not
contribute to the intensity in Mg II h and k but only to opacity.
The opacity in these lines depends on the ground level
populations in Mg II and not on the radiation field. Also, the
emerging intensity is optically thin and is therefore mostly
dependent on temperature. Accordingly, rays going through the
center of the tube are optically thick (in k more than in h, by a
factor of two); thus, these suffer from self absorption of the
signal that comes from the back surface. Such rays have an
intensity ratio of k and h lines tending to 1.5. On the other
hand, rays going through the surface of the tube only have

Figure 7. Schematic representation of the physical model explaining our observations and other considered interpretations. (a)–(b) The transverse MHD wave model:
a single flux tube and multiple flux tubes subject to a kink wave. (c)–(d) Flux tube with a torsional Alfvén wave alone or coupled with a kink wave. (e)–(f) Flux tube
with rotation alone or coupled with a kink wave. The observed threads can each correspond to a flux tube (a), (d), (f) or to high density regions within a flux tube (b),
(c), (e). Locations of the IRIS slit are sketched as green, yellow, and red boxes, as in the observations (5). The width of the slit corresponds to that of the thread. The
predicted Doppler signal at each slit location (solid) and the POS motion (dashed) in time is sketched on the right side in each panel. For (c), two cases can be
distinguished depending on the location of the slits over the flux tube. In each case the middle position is the equilibrium position for an oscillation. In the top/bottom
position, the thread is the furthest away/closest from/to the observer. For the transverse MHD wave model (a), (b) the azimuthal motions result in a blue/redshift at
the topmost/bottom position (blue/red arrows), as observed. None of the other scenarios match the observations.
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• Slit 3 passes through the loop 
• Slit 2 and slit 4 surround the loop 
• Slit 3 and slit 4 are almost in phase  
• While slit 2 and slit 3(and 4) are almost 

out of phase 
• The phase difference between LOS 

velocity as estimated from slit 2 (and 3) 
and POS displacement is ~ 90 -180 
degrees 

• Phase difference from slit 4 is hard to 
measure 

• Could be a signature of resonance 
absorption as Reported in the threads 
of prominences by Okamoto & Antolin 
(2015) 

Velocity amplitudes at slit 8 position
Si 1394 A



Mg 2796 A

negligible values at the center of the tube. This means that the
emergent intensity in both of these lines comes from the
boundary of such flux tubes.

4. DISCUSSION

4.1. A Ring Shape for the Source Function

The obtained ring shape for the source function in Mg II h
and k and Ca II H and K is mostly a temperature effect. The
cool prominence plasma around the boundary layer is heated
up by the KHI to transition region temperatures, thereby
inwardly enlarging the transitional layer from the core to the
surrounding corona. The higher temperature in the outer ring
raises both the electron density and the electron temperature,

both giving rise to more collisional excitations in the h and k
lines (that are then followed by an increased rate of
spontaneous emission). The radiative transfer results further
suggest that cool chromospheric cores of such flux tubes do not
contribute to the intensity in Mg II h and k but only to opacity.
The opacity in these lines depends on the ground level
populations in Mg II and not on the radiation field. Also, the
emerging intensity is optically thin and is therefore mostly
dependent on temperature. Accordingly, rays going through the
center of the tube are optically thick (in k more than in h, by a
factor of two); thus, these suffer from self absorption of the
signal that comes from the back surface. Such rays have an
intensity ratio of k and h lines tending to 1.5. On the other
hand, rays going through the surface of the tube only have

Figure 7. Schematic representation of the physical model explaining our observations and other considered interpretations. (a)–(b) The transverse MHD wave model:
a single flux tube and multiple flux tubes subject to a kink wave. (c)–(d) Flux tube with a torsional Alfvén wave alone or coupled with a kink wave. (e)–(f) Flux tube
with rotation alone or coupled with a kink wave. The observed threads can each correspond to a flux tube (a), (d), (f) or to high density regions within a flux tube (b),
(c), (e). Locations of the IRIS slit are sketched as green, yellow, and red boxes, as in the observations (5). The width of the slit corresponds to that of the thread. The
predicted Doppler signal at each slit location (solid) and the POS motion (dashed) in time is sketched on the right side in each panel. For (c), two cases can be
distinguished depending on the location of the slits over the flux tube. In each case the middle position is the equilibrium position for an oscillation. In the top/bottom
position, the thread is the furthest away/closest from/to the observer. For the transverse MHD wave model (a), (b) the azimuthal motions result in a blue/redshift at
the topmost/bottom position (blue/red arrows), as observed. None of the other scenarios match the observations.

8

The Astrophysical Journal, 809:71 (12pp), 2015 August 10 Okamoto et al.

Okamoto & 
Antolin, 2015

Mg II k intensity - Resolution = 0.5R

      

-4

-2

0

2

4

(p
er

p.
 to

 L
O

S)
/R

Mg II k intensity - Resolution = 0.5R

      

-4

-2

0

2

4

(p
er

p.
 to

 L
O

S)
/R

Si IV 1402.77 intensity - Resolution = 1.0R

0 500 1000 1500 2000 2500
Time [sec]

-4

-2

0

2

4

(p
er

p.
 to

 L
O

S)
/R

Si IV 1402.77 intensity - Resolution = 1.0R

0 500 1000 1500 2000 2500
Time [sec]

-4

-2

0

2

4

(p
er

p.
 to

 L
O

S)
/R

LOS Mg II velocity - Resolution = 1.0R

      

 

 

 

 

 

LOS Mg II velocity - Resolution = 1.0R

      

 

 

 

 

 

LOS Mg II velocity at slit position

0 500 1000 1500 2000 2500
Time [sec]

 

 

 

 

 

-10

-5

0

5

10

[k
m

/s
]

45o Line-of-sight plane



Mg 2796 A
• Growing amplitude of POS displacement 

is seen 
• Phase difference of ~180 degree between 

slit 2 and POS displacement 
• In slit 3 and 4, the phase difference of 

~180 degrees is noted for first cycle of 
oscillation. 

• In second cycle where amplitude is 
growing, the phase difference vanishes 

• slit 3 and slit 4 vary coherently while slit 2 
is out of phase from slit 3 (and 4) at certain 
instances 

• Combining the information from Si 1394 A 
and Mg 2796 A. This scenario can be 
explained to certain extent by the 
presence of torsional Alfven wave coupled 
with kink wave

negligible values at the center of the tube. This means that the
emergent intensity in both of these lines comes from the
boundary of such flux tubes.

4. DISCUSSION

4.1. A Ring Shape for the Source Function

The obtained ring shape for the source function in Mg II h
and k and Ca II H and K is mostly a temperature effect. The
cool prominence plasma around the boundary layer is heated
up by the KHI to transition region temperatures, thereby
inwardly enlarging the transitional layer from the core to the
surrounding corona. The higher temperature in the outer ring
raises both the electron density and the electron temperature,

both giving rise to more collisional excitations in the h and k
lines (that are then followed by an increased rate of
spontaneous emission). The radiative transfer results further
suggest that cool chromospheric cores of such flux tubes do not
contribute to the intensity in Mg II h and k but only to opacity.
The opacity in these lines depends on the ground level
populations in Mg II and not on the radiation field. Also, the
emerging intensity is optically thin and is therefore mostly
dependent on temperature. Accordingly, rays going through the
center of the tube are optically thick (in k more than in h, by a
factor of two); thus, these suffer from self absorption of the
signal that comes from the back surface. Such rays have an
intensity ratio of k and h lines tending to 1.5. On the other
hand, rays going through the surface of the tube only have

Figure 7. Schematic representation of the physical model explaining our observations and other considered interpretations. (a)–(b) The transverse MHD wave model:
a single flux tube and multiple flux tubes subject to a kink wave. (c)–(d) Flux tube with a torsional Alfvén wave alone or coupled with a kink wave. (e)–(f) Flux tube
with rotation alone or coupled with a kink wave. The observed threads can each correspond to a flux tube (a), (d), (f) or to high density regions within a flux tube (b),
(c), (e). Locations of the IRIS slit are sketched as green, yellow, and red boxes, as in the observations (5). The width of the slit corresponds to that of the thread. The
predicted Doppler signal at each slit location (solid) and the POS motion (dashed) in time is sketched on the right side in each panel. For (c), two cases can be
distinguished depending on the location of the slits over the flux tube. In each case the middle position is the equilibrium position for an oscillation. In the top/bottom
position, the thread is the furthest away/closest from/to the observer. For the transverse MHD wave model (a), (b) the azimuthal motions result in a blue/redshift at
the topmost/bottom position (blue/red arrows), as observed. None of the other scenarios match the observations.
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Future works

• Estimate density of coronal rains using Si IV and O IV 
line ratios 

• Look for the signature of oscillations in different 
wavelengths of AIA/SDO

Thank You


