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[De Pontieu et al., 2014, Science 346]
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1st Stage:
Outer AR (Low Density) Expansion

2nd Stage:

Inner AR Expansion

3rd Stage:
Main Flare
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Spectroscopic obs only
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high dense core region expands
Imaging obs also

Flare occur!

13 Dec 2006 event is opposite
polarity event.
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Small-scale structure & dynamics in the

COrona

Insights from coronal rain observations
with Hinode & IRIS

Patrick Antolin

BV RXE




Importance of small-scale structure?

e High Reynolds numbers in corona -> need for fine structure for effective
dissipation of waves, magnetic fields (currents) and turbulence

How is the magnetic field organised in the solar corona?

e (Coronal loops evolve on timescales much longer than a radiative cooling time
(Reale & Peres 2000; Warren et al. 2003, Brooks et al. 2012)

— ensemble of unresolved independently heated strands? (Klimchuk 2006, Reale
2010, Brooks et al. 2013, Peter et al. 2013, Cirtain et al. 2013, Winebarger et al. 2013)

e Strands «— current sheets, nanoflares? (Parker 1988, Vekstein 2009)

e (lear tendency for finer widths at higher spatial resolution

YH dSIID /1SS

Ly
0 v P e

R~ )

X 7 O

s

(AschWan Nightingale 2005, Reale 2010, Peter et (Lin et al. 2005, Antolin & Rouppe
al. 2010, Brooks et al. 2012, 2013) van der Voort 2012)




Tracer of coronal turbulence

coronal rain T | R gl ratio

SJI 10:45 UT 10:45 UT

—1080 —1040 -—1000 - —20 0
Velocity (km/s

Y-slit (arcsecs)

40

compression?

before impact of
eruption

10:50 UT
-20 0 20

e Complex spectral evolution, mostly due to

SJI10:52 UT 10:52 UT

10:25 10:30 10:35 10:40 10:45 10:50
Start Time (26-Oct-13 10:21:26)

dynamics

- During impact of eruption: complexity

during impact
A

| momentarily reduced (compression?).
ety e h /k ratio increases 1.5->2.

SJI10:54 UT 10:54 UT

-

Significant plasma reorganisation occurs
within loops during eruption

. Rain can serve as a probe for turbulence
Velocity (km/s)

Harra+ 2014
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Supersonic heating events

AIA 171

AIA 304 ¢

AIA 193 IRIS SJI + SG

O 10 20 30 40 50

e High red shifts (up to 200 km/s) observed in (E)UV bright
points accompanied by 50-100 km /s upflows

Strongly supersonic: c¢s = v/ YRT ~ 50 km/s

Bright dots are footpoints of thermally unstable coronal
loops: downflows in 304 correlated to Doppler shifts

May appear anywhere in sunspot (within umbra or

penumbra) & last for more than 2 hours
Kleint+ 2014




Hinode-IRIS co-observing campaign

1040

Hinede/S0OT Ca Il H
1020

SDO/AIA 171

1000

980
Hinode/SOT

2015—11-29 25:17:24 UT

[arcsec]

—200 —150

Antolin+ (2014a, in prep.)




Multi-temperature structure

Hinode /SOT + IRIS/SJI + SDO/ AIA

2013—11-29 23:21:47 UT
Hinode/SOT Ca Il H  IRIS/SJI 2796 IRIS/SJI 1330 RIS/SJI 1400 sno/aa 304 Green: §JI 1400,

log T ~ 4.8 - 59'0

2015-11-29 23:21:42 UT

Blue: §JI 2796,
logT ~4-42

Q40

Red: SOT Cal ll

-220-215-210-205 -220-215-210-205 -220-215-210-205 -220-215-210-205 -220-215-210-205 H’ IOgT ~4 - 42
[oresec] [oresac] [oresec] [orcsac] [arcsec] .
- | | " SOTCoH 3 |

IRIS WBBO ]
\F\\‘ 140

=220 =215 =210 =205
1.0F 'soT ca H [arcsec)
[ IRIS 1330 ‘ ’
[ RIS 1400
rIRIS 2793

o
o0

O
o

= AIA 171

O
~
T T

0.2}

Norm. cumulative counts

Counts / Mean counts

Il Il 0.0: Il Il
50 58

e Chromospheric cool, ¢ & Tﬁ“teséct and dense cores surrou ﬂd“ed by diffuse warmer plasma?

e Emission time delays from TR to chromospheric emission observed. Very fast evolution:
catastrophic cooling

e Exception: SDO 171 & 304: low T contribution? (In contrast with Kamio+2011,Peter+ 2011)




Multi-stranded structure: tip of the iceberg?

2015=11-29 25:23:18 UT
Ca Il H 2796 1330 1400

<
On

— SST
soT

— SJI/2796

— SJI/1330

— SJI/1400
AlA/304

— AIA/171

— AIA/193

<
o~

[arcsec]

=
O

—
N

Relative Frequency
Relative Frequency

[arcsec]

<

<
O

P, 6
Width [arcseq] Length [arcsec]

|  Structural differences with
temperature < Ao

—216 =214 —216 —-214 —216 =214 —216 —214 —216—-214
[arcsec] [arcsec] [arcsec] [arcsec] [arcsec]

[arcsec]

— SJI/2796
— SJI/1330
— SJI/1400

* Co-spatial chromospheric & TR
emission Numerical model

Observational Resolution XN=1103 =—=

| » Peak of distribution at very low ' TR e

SO
SRR
D

R

LV /]

A A AL A 120 -
214

spatial scales: tip of the iceberg
scenario? (Fang+'13, Scullion+'14)

100 -

80 F-{-
z

* Less uniformity for lengths o 1|

40 {1

* Effect from temperature?

. Interaction with magnetic field? 0 5
O (Sharma+2010) . Width (Mm)

1.0 1.5 2.0 2.5 3.
Width [arcsec]

20 -

(@]
T T T

Temperature [x10° K]




Estimates of non-thermal line broadening

IRIS SJI C Il 2013—-10-02 _SPECWid_ClII IRIS SPEC Mg Il 2013-10—02 RIS SPEC C Il 2013-10-02

Line
width  —1020

o0

[arcsec]

|
W
(u)]
<

-~ 100 -80 -060 2795 2800 2805 13331 3341335133561357
[oresec] Wavelength [A] Wavelength [A]

Semi-automatic detection of rain/prominence plasma for statistical analysis
Antolin+ (2014b, in prep.)




Estimates of non-thermal line broadening
| ]

* Mostly single emission peaks

e Gaussian-like distribution of
non-thermal broadening with
values < 25 km/s and a peak
<10 km /s (consistent with

Parenti & Vial 2007)

Relative Frequency

[0}
(@)
T

[arcsec]
~
o

Height

log(TSi IV) =4.8 oo
log(TC II) =4.3 o

—40 —20 0 20 40

log(TMg II) = 4

Increase of non-thermal
broadening with height
(consistent with Okamoto+
2014, submitted)

©
wr

©
o

Relative Frequency

0.00

FWHM = (2 2log2—
c

Ao

2
2kpT
) (e
m

2
nth

2

+ €i2nst
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— C Il 1335.74
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T(N) = 23825

— Mg Il 2796.41 T

S

Doppler velocity [km/s]
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—-40 =20 0 20 40

Doppler velocity [km/s]

=
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Line width [A]
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Mg Il & Call D LEEERE
Mg Il DB RMEIZDOLNTODESR

21 Oct 2014

JIIF= AR+ (Queen’s University Belfast)
HEMARE: — KRR, LBHFEFERABRE) KEEBE—(ELLXXA)
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* position: (236,311)
e target: plage region
* Time: 2014-04-15 06:09-06:29 UT

 Domeless Solar Telescope @ Hida Obs.
— Horizontal Spectrograph

— continuous raster scan

— cadence: ~8s / raster, dead time ~4s
— spatial scale: 0.38”/pix, 0.68”/step
— spectral scale: 0.0149 A/pix

— Call K 3934, H-alpha 6563, Call 8542
— observers: Kawate, Ueno, Ichimoto

— Large sparse 64-step raster
— cadence: 9.2s /step, 587s /raster
— spatial scale: 0.33”/pix, 1.00”/step (NUV)

— spactral scale: 0.051 A/pix

SMART 2014-04-15 06:10:44
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Ca ll K2/K3 vs Mg Il k2/k3
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Alfvénic wave detection in the solar
atmosphere

Possibilities for Solar-C

Patrick Antolin
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Observations of Alfvénic MHD waves
in the solar atmosphere

Transverse MHD waves ubiquitous in the solar atmosphere
(Tomczyk+ 2007, Okamoto+ 2007, Terradas+ 2008, De Pontieu+ 2007, Lin 2011, McIntosh+ 2011, Morton+ 2011,
Antolin & Verwichte 2011, Okamoto & De Pontieu 2012, Hillier+ 2013, Schmieder+ 2013, Morton & McLaughlin

2014, De Pontieus 2014) o pall amplitude (~km/s), periods of few min

Large-scale corona

Hinode/SOT
Hinode /SOT

:

SST + IRIS

MCInto et al. 011




Significance of MHD wave identification

Alfvénic waves can deliver sufficient energy tluxes in order to heat

and maintain a corona

Uchida & Kaburaki 1974, Wenzel 1974, Hollweg+ 1982, Poedts+ 1989, Ruderman+ 1997, Kudoh & Shibata 1999,
Suzuki & Inutsuka 2006, Cranmer 2007, Antolin & Shibata 2010, Matsumoto & Suzuki 2014

e Energetically significant: Alfvénic
= Trapped / non trapped; Torsional, Kink, Sausage / Fast, Alfvén

e Energetics & dynamics: each mode carries different amounts of
energy & involves different plasma motions

e MHD Seismology: each mode has different dependence on the
physical properties of medium

Requirements for wave identification”




Transverse MHD wave
(kink mode) Amoline2014

1. Resonant absorption | | R

"Nakariakov+1999

<
»
—
-
T
~

{

Frequency

_— -
7 -
r 0

Conversion of a global kink oscillation into local Alfvénic
oscillations (Hollweg & Yang 1988, Goossens+1992, 2002, Ruderman & = azd (o
Roberts 2002, Terradas+2010, Pascoe+2010). | Terradas+ 2008

Very successftul in explaining observed fast damping
(Nakariakov+1999, Verth+ 2010, Arregui & Ballester 2011)

15
me (min)

. Kelvin-Helmholtz instability (transverse to main field)
Deformation of cross-section: strand-like structure in intensity
images (Antolin, Yokoyama, Van Doorsselaere 2014)

Model: Uchimoto+. 1991; Karpen+ 1993, Ofman+ 1994; Ziegler & Ulmschneider 1997;
Terradas+ 2008, Soler+ 2010; Obs: Foullon+ 2011; Ofman & Thompson 2011, Berger+ 2010




Spectral and imaging signatures of
the transverse MHD wave

Coronal model

Fe IX 171 intensity for 45° LOS
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Antolin+
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Prominence model

Mg 11 2796.35  45° Line-of-sight plane

Intensity - Resolution = 0.1R LOS velocity - Resolution = 0.3R [km/s]

Optically thin case

IR

Optically thick case \ LOS velocity at slit position

NS T
U.J I

Optically thick case

-4

1000 1500 2000

[ Transverse motion observable with resolution of 02 R

[ Spectroscopic resolution of 0.5 R resolves azimuthal flow

= Strand-like structure in intensity images (scales ~ 0.1 R) <

= Phase difference between displacement in POS and LOS velocity due
to higher propagation speeds of Alfvénic waves in resonant layer

P=1478 s
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Importance of forward modelling;:
opacity effects

Assuming thick cylinder 3D MHD simulations + RH

submitted

(simplistic approach)

Transverse MHD wave

-30 —-20 —10 0 10 20 30 ’
AN (km/s) 0.0 B
KHI flow °

(Goossens+2014)

-0.5

Dipole-like Alfvénic | | ‘ | |
flow in resonant layer 279.54 Woveijéf: o] 279.56

e Emission comes mostly from ring, mostly optically thin. The prominence
core is optically thick in Mg IT h&k, not in Ca Il H&K: advantage of Mg II
e Proper dynamics only recovered with proper forward modelling
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BIFROST

Hansteen 2004, Hansteen, Carlsson, Gudiksen 2007, Sykora, Hansteen, Carlsson 2008,
Gudiksen et al 201 |

“Realistic” EOS
Detailed radiative transfer along 48 rays
®  Multi group opacities (4 bins) with scattering
NLTE radiative losses in the chromosphere, optically thin in corona

Conduction along field lines

® Operator split and solved by using multi grid method

arlsson, 2010, NAOJAZ1 R



A E'F 2 —Jl(Martinez-Sykora et al., 2009/2013)

Intensity

—

1.0E-04 S.6C-06 3.2€-07 1.8L-08 1.0E-09

3
jml =
K %
ml%g,moo
S ¢
Y g
X %

-

15 20 25 30
Maximum velocity [km/s]

EEDERKIE

- AEFa—=ILHEW,

« [Mm] - EMO K S2BREDOEWVEE
5 BfcHas) EFBICEN, XHFHEINS
: AEF 21—l D NIBEAEF 1 —ILKDERBEN
EDEE, JINSE LY,




Ca ll 854.2 nm A~ %Y ~JL(Leenaarts et al., 2009)
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Ha”7 « 7'V )L & (Leenaarts et al., 2012)
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Mg Il h&kDFEZR% (Leenaarts et al., 2012/2013ab)
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Leenaarts et al., 2013ab: Mg Il h&k

Cruz-Rodriguez et al., 2013: Ca Il IRT (SST& DLLEH D)
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Riethmuller et al., 2013: Ca Il H, Mg Il k (Sunrise D£LAI, Mg Il kKISETE & DEEEH D)
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