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Solar Flare Research by Hinode

e Solar flares:

explosive events on the Sun that produce >10MK plasmas and
high-energy particles by heating and particle-acceleration
processes.

* Research Topics

— Energy storage and trigger processes
— Particle acceleration and chromospheric evaporation
— Magnetic reconnection

* Unique Approach by Hinode (SOT + XRT +EIS )
— High-resolution; especially SOT sub-arcsec imaging
— Photo. vector B field (imaging & spectro-polarimetry)
— High-cadence X-ray imaging \
— EUV scanning spectroscopy Limited capability
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Onset Problem of Solar Eruptions

e Various models have been proposed to
explain the onset of solar eruptions.
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Hinode Flare
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Stability of Active Region

Inoue, Kusano et al. ApJ 2011
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Ensemble Simulation Study

Kusano+2012
| non-potential
20 o Parameter Space
i Z,
i 3
Q)
strong shear B Og
®
i .
| (@]
(V2]
| >
®
Q
i )
i @
weak shear B Q.
20 — 1 0
o potential . . . . .
0 50 700 150 200 250 300 350

¢p, (degree)
azimuth angle of small magnetic disturbance
Right Polarity Opposite Polarity Right Polarity

il Sl
Na Regversed Shepr

potential field




strong shear

weak shear

potential field

Simulation Results

Flare phase diagram (Kusano et al. 2012)
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Observational Evidence

Simulation (flare phase diagram) Observation (Hinode)
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Chromospheric evaporation

Energization:
Hard Acceleration

Non-thermal
thick-target model

v Soft
Response. x-rays

Gradual

Evaporation

Thermal model St ehromosiire

Chromosphere

From Fisher (1986)



EUV imaging spectrograph
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Chromospheric Evaporation
studied by plenty of EUV spectral lines

Doppler velocity

Mostly studied from EIS data. Vi (kmis) r | | .
 T. dependent flow speed “°F Milligan & Dennis 2009
Milligan & Dennis (2009) & 200
Watanabe et al. (2010) £
Chen & Ding (2010) g F
Li & Ding (2010) >
» High density at the footpoints " BT Y
. .. . . Temperature (MK
from density sensitive line ratio Accelerated s
Fe X1-X1v: 10105 ¢m= (Watanabe et al. 2010) electron 7
Fe x1-x1v: 101> ¢cm= (Milligan 2011) injection

Fexiv : 10" cm? (Del Zanna et al. 2011)
High-density kernels are in a narrow layer <200km
Fexmr :10'93 ¢m? (Graham et al. 2011)
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Hot upflow

Evaporation
of chromosphere
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Non-thermal Velocity in Flares

* Site of non-thermal velocity

observed in flaring loops and =
its size has not been understood.

Yohkoh BCS observations
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Fi6. 5—Normalized histograms of the peak nonthermal broadening
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Vyr at the footpoints

from Non-thermal broadening of emission lines at Flare Kernel

Milligan (2011), Young et al. (2013)
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Vi at/above the loop tops

. |mpu|5ive phase; Late Phase of an X-class Flare
Fe XXIV, 255 Angstroms
— Vyep= 100 — 230 km/s
Hara et al. (2011, 2014)
Kawate & Imada (2013)

* Peak to late phase:
— VNt — 40 _ 70 km/s 0 20 40 N 100 120
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Line broadening at the loop top
- a side view -,

Q 10“";
T . . 2
* Symmetric line profile with % \
enhanced line broadening ¢ . /
102k ‘WM
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Hara+ (2014)



Magnetic Reconnection:
a model based on Yohkoh 1maging observations

Topics investigated by spectroscopy to
understand magnetic reconnection
processes in the solar atmosphere.

- Reconnection inflow
- Reconnection outflow/plasmoid

- Position of enhanced hot line broadening
found in 1970s

- MHD Shock

SXR loop

- //

D i
Shibata et al. (1995)




Observed & Suggested Structures
in 2007 May 19 Flare (GOES B9.5)

[ Reconnection outflow ] [Reconnection inflow ]
EIS Fe XX1v & Ca XVII EIS Fe X & Fe X11
- Doppler velocity - Doppler velocity
-Vo=Vutfiow €08 & ~200—400 km/s Vo=V qow €08 6, ~ -20 km/s
-T.=9.4 MK from Fe XX1V/Ca XVII ratio -T,=1.2 MK from Fe XI1I/Fe X ratio

- n, ~ 4x10° ecm from EM
Warm outflow (EIS Fe XV & Fe XVI)
appeared before HXR peak time:
[Slow-mode shock 4

Reconnection outflow
(not observed)
| Fast-mode shock

[ Upflow: V), ~ -20 ks

EIS Fe XXI1I & Fe XXIV

- n, = 2.5%x10? em from Fe XII ratio

Bright blob |
- EIS Fe xxi11 & Fe XX1V
T, =12 MK from line ratio
n, ~ 1x10'° ¢cm= from EM

Vir ~ 100 km/s at impulsive phase

- XRT: faint X-ray enhancement

- RHESSI 4-6 keV thermal source
T, =12 MK from HXR spectrum

- STEREO 195A band enhancement

[ Downﬂow:] Vp ~ 10 km/s

EIS Fe XV & Fe XVI (Fe XX1V A192 contribution)
Downward motion| V;, ~ 30 ks
EIS Fe XXIII & Fe XX1V
- %y
[Hard X-ray nonthermal source }/ Footpoint bnghtemng]
RHESSI 1540 keV as ‘two ribbon structure’
TRACE 171A band images
Vintlow” Vouttiow = ( VD, inftow / Vb, outfiow ) (€08 8,/ cos 6;) =0.067 (cos &, / cos 6, )

Hara+2011, ApJ, 741, 107



Reconnection Inflow



EUV Imaging Observations:
Reconnection Inflow

> Time
1:: ::i Timgsdistance diagﬁ 4B
7 e = 5010° nflow —
5 . ;’ J X point = . Space
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e w0 S mw e oan we om A
SOHO/EIT Observation Yokoyama et al. (2001)

* Yokoyama et al. (2001)

— Estimation of inflow speed from apparent motion of coronal
structures around a flare

— Veiaow™ D km/s, M=V, 4../V,=0.001-0.03 (uncertainty in V)
 Narukage & Shibata (2006); 6 events

— Veoaow= 2—14 km/s, M,=V. o ./V,=0.001-0.07

inflow

nflow

nflow



First Spectroscopic Observation of
Reconnection Inflow
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* Fe X 6374 observation
at Norikura Solar Observatory of NAOJ  (MAA=1E5)
[ Haraetal. 2006, ApJ, 648, 728 ]

* Vb infiow ~ 3 km/s [observation]

* M, ~0.003 when V, ~ 1000 km/s in the corona
[ assumption in B |



EIS Spectroscopic Observations:

- Reconnection Inflow in an eruptive event -
_EISFe X195

2006 Dec 17 16:12

-100

-200

-300

-400

800 900 100011001200
X (arcsecs)

Position along Slit (arcsec)

GOES C2.1

- Weak Doppler signature of inflow
- No multiple observations to prove
- No 107 K line observations



Magnetic Reconnection
In an eruptive event

N Line-of-sight
U ———— Outflow from Hinode
80 GOESB9.5
— 705_ f _ Inflow
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SO, 50 X-ray flare loop (~8x10°¢ K) W
> 40F 5 t
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30 _ ......................................................... 2 X-ray Loop
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1 arcsec = ~700 km on the Sun
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Fe XII (~1.4 MK)
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Line-of-sight velocity
(B: blueshift, R: redshift)
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Magnetic Reconnection
In an eruptive event

Line-of-sight
Outflow from Hinode
Inflow @
\ High n,
region

X-ray Loop

Inflow speed: V' ~— 20 km/s




17—Jan—2012 04:51:48.000 UT
T T T

450 [

Reconnection Inflow

* Signature of reconnection inflow
structure was observed in AIA171

as a disappearing loop: apparent
GORS M1.0 speed ~50 km/s

 EIS observed blueshift of -25 km/s
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Reconnection Qutflow/Plasmoids



Yohkoh Imaging Observations:
Plasma Ejections
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SUMMARY OF EIGHT COMPACT-LOOP LIMB FLARES
Height of Apparent
HXR Velocity
Peak Source of
Time GOES  above SXR Ejection | TMK
Date (UT)  Class Loop Ejection (kms') -19
1991 Dec 2 ..... 0455 M4 <5" Yes 50-150 .
o 1992 Jan 13..... 1729 M2 510 Yes 100-150
1992 Feb 6...... 0325 M3 At apex Yes 30-70 l
1992 Feb 17 .... 1542 M2 <5" Yes 50-150 ¢
1992 Apr 1...... 1014 M2 No loop top Yes 130-170
1992 Oct 4...... 2221 M2 510 Yes 300-370
1992 Nov 5 ..... 0620 M2 No loop top Yes 100-150
1993 Feb 17 .... 1036 M6 510 Yes 100-150

J Too slow
1 for coronal
Alfven speed

5-0ct—-02

Ohyama & Shibata (1998)



Reported EUV Observations of

Reconnection Outflows

* Afew cases have only been reported on the spectrum of
reconnection outflow. A dark structure in general.

— SOHO/SUMER: Innes+2003 (X1.5) Fe XxI

No scanning observations
Wang+2007 (M2.5) Fe XIX

— Hinode/EIS: Hara+2011 (B9.5) Fe xxiv, Fe xxii, Ca XV
Imada+2013 (X1.7) Fe xXIv

Innes+2003 (GOES X1 5) Wang+2007 (GOES M?2.5)
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Reported EUV Observations of

Reconnection Outflows

* Afew cases have only been reported on the spectrum of
reconnection outflow. A dark structure in general.

— SOHO/SUMER: Innes+2003 (X1.5) Fe XxI

Wang+2007 (M2.5) Fe XIX
— Hinode/EIS: Hara+2011 (B9.5) Fe xxIv, Fe xxlil, Ca xviIi

Imada+2013 (X1.7) Fe xXIv

]» No scanning observations

Innes+2003 (GOES X1.5) Wang+2007 (GOES M2.5)
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Reported EUV Observations of

Reconnection Outflows
* Afew cases have only been reported on the spectrum of

reconnection outflow. A dark structure in general.

— SOHO/SUMER: Innes+2003 (X1.5)

with scanning
observations

Fe XX

Wang+2007 (M2.5) Fe XIX
— Hinode/EIS: Hara+2011 (B9.5) Fe xxIv, Fe xxilI, Ca XV

Imada+2013 (X1.7) Fe xXIv

Hara+2011 (GOES B9.5)
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FEUV line intensity (~1x107 K)
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Magnetic Reconnection
In an eruptive event

Duration of impulsive phase
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T.,=12 MK [ Fe XXIV/Fe XXIII, RHESSI continuum]

T; =50 MK (or Vyp =100 km/s) [Fe XXIII line width]
Vp =30 km/s (downward)
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Slow component
Fe XXIV 192

Fast component (| V] > 200 km/s)

Fe XXIV 192 “IAIA 131 L
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Dynamics in an EIS sparse raster

Sl Rl ¢ Many changes are
going on during a single
EIS raster observation.

X-ray Flux (W m?)

SDO/AIA 131
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EIS Fe XXIV 19
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EIS Fe XXIV 192 - Fe XXIV 192
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Spectrum in the thin structure above the cusp
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MR: gain from Hinode

Recent EUV spectrograph observations have revealed:

Reconnection Inflow:
/Speed: Vp= 3—20km/s N

s Disappear after entering
reconnection region due to heating

M 0.01 - 0.1

Slow & Fast Shock:
g *”Presence suggested from thermal parameters N

K A, inflow / K

Reconnection outflow/plasmoid:
ﬁpeed: Vp =200 — 500 km/s \
some V~V,
s Dark structure in general
*¢Broad line profile (turbulence)
“swith stationary component

*»Blobby structure, 3D geometry
\_*An example: Voyqnon/ Vi >~1.2

Improved observations:

e outﬂow/ T e,inflow? e outflow / ne, inflow
e, blob/ e,outflow? e, blob / ne, outflow
\/
¢ An example: V, Ve >~1.2

outflow /

SOLAR-C

Further sensitivity
. for more rapid and
~30sec integration is required for pixel-by-pixel investigation pixel-by-pixel analysis
using the current instrumentation in Hinode.




Summary

* From vector B measurements by Hinode and
MHD simulations, some promising models for
solar flare are appearing. Observations of
chromospheric structures and B are crucial.

* Atmospheric response to the accelerated
electrons in solar flares has been investigated
from high-resolution imaging and TR-corona
spectroscopy.

* Flow structures near the site of magnetic
reconnection have been mapped in the EUV
spectroscopy, and the presence of temperature
structure in the current sheet may be becoming
visible.



