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Solar Flares +

Energy is stored in the magnetic field <+

/07/14 09:48

COES Xray Flux (5 minute data) Begin: 2003 Oct 28 0000 UTC
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How do we predict solar flares?

« Use systematic observations of the magnetic field* of the solar disk

« Parameterize magnetic field complexity and measure physical
quantities involved in flaring activity of active regions (AR)

 Produce large samples of values with the associated flaring activity
(yes/no, flare class)

« Use statistics (Poisson, Bayesian etc) or machine learning algorithms
to predict

* Or do the same with continuum/UV/X-ray observations
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Why currents?

Currents, shear and polarity inversion lines

(a) 140
__ 120
172
o
2 100
<
(o]
8 80
S
& 60
-
3 40
>
20
0
0 50 100 150 200

X iMm local coordinotes%

-2460 —-1757 -1054 =351 351 1054 1757 2460
Bz (Gaouss)

05/07/2017

——

19O T T T T T T LT
__120F e T e e
" - e R, R 9
L N % R 7
£ 100~ .
© C
o o ]
S 80 ]
= C
3 60F ]
c C ]
2 40 : , _ -
> E e A SO ]
20f ~ 2011/02/15 02:00 UT:
(0] SR LA | ey e e R T
0 50 100 150 200

X iMm, local coordinotesi

-200.0 —-142.9 -85.7 -28.6 28.6 85.7 142.9 200.0
Jz (mA/m2)

Janvier+ 2014

HELAS 13, Heraklion 02-06/07/2017

number of features from lowest to highest univariate score

25

Non-potentiality of magnetic field = currents
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Non-neutralized currents A
+
+ 4+
4+

Currents may build-up either by photospheric motions or due to current-

carrying emerging flux

Photospheric motions: the net current produced by twist or shear should

be neutralized (zero net current per polarity)

(Melrose 1991, 1995)

Parker 1996

Observations show that currents are non-neutralized
(Leka et al. 1996, Semel & Skumanich 1998, Wheatland 2000, Falconer
2001)

Melrose, 1991
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Non-neutralized currents

.0.005

AR’s are “born” with substantial net (non- .

neutralized) currents

(Torék+ 2014)

(b)

. . 0.01
Photospheric motions can produce non- "

: : -
neutralized currents only in the presence of e

magnetic shear at PIL (Dalmasse+ 2015).

Torok et al. 2014
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Non-neutralized currents

Calculation based on observations

Georgoulis, Titov & Mikic, 2012
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» (Calculation of non-neutralized currents per partition

* Detailed error analysis and strict criteria

 Comparison between 2 AR (a flaring and a non-
flaring one)
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— | = Partitions above uncertainties

'-lllllllllllllllllllllllllllllllllllllllllllllllllll
] 100 200 300 400 500
Partition number

— Results:

T T T T T T 1 3

<
oy
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AR are current balanced (limb < Fimb)

#ﬁ * The quiet AR exhibits 1 order of magnitude lower
i currents.
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Analysis

* Input: photospheric vector magnetogram

* Flux partitioning of Bz (Barnes+2005)

Bz thres = 100 G, Min Flux = 5 109 Mx, min size = 40 px

 C(Calculation of (vertical) current for each partition
(Ampére’s law) with corresponding errors.

 Potential field extrapolation (Alissandrakis 1981) and
re-calculate the corresponding current for the

potential field.

» Characterize partition as non-neutralized only if

I>51,, and I>301
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Analysis

AR 11158, Br + partitions

Create predictors:

Total unsigned non-neutralized current

_ NN
]NN,tot o Z ]i ‘

i

Maximum unsigned non-neutralized current

current map

]NN,rnax = max { IiNN ‘}

Test on a statistically significant sample
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Data A
+

SHARP: Space weather HMI Active Region Patches (Bobra+ 2014) + + +

SDO/HMI Tracked AR (HARP) NOAA ARs

2012/03/01 1423: 1 USFLUX Total unsigned flux Mx =) |B;|dA Integral ERRVF
00 :
MEANGAM Mean angle of field Degree 7y = % Zarctan(%) Mean ERRGAM
from radial &
’ . | dB\2 aB 2
MEANGBT Horizontal gradi GMm IVBtotl = N Z ( ) + ( ) Mean ERRBT

ent of total field

MEANGBZ Horizontal gradient GMm~! VB,[= N B \/ LT (38‘3' 25z)2 Mean  ERRBZ
of vertical field
3 : - | 38;, 2 88;, 2
MEANGBH Horizontal gradient G Mm VB, = N A (G- (5 ) Mean  ERRBH
of horizontal field
: 23 dBy
MEANJZD Vertical current mA m—2 Z(—‘ - &) Mean  ERRJZ
density
TOTUSJZ  Total unsigned A 2o = 2 [Jz|dA Integral ERRUSI
vertical current
MEANALP Characteristic twist Mm™!  aqogal J;f: Mean  ERRALP
parameter, « 2Bz
MEANJZH Currenthelicity ~ G?m~' Heo L Y B:J: Mean  ERRMIH
(B; contribution)
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i 0 o) ; the net current
= 4 (pad before) 29 ici
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) 43 3
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AR time-series

NOAA Lstart tend B C M X FI
11072 2010-05-20 2010-05-24 2 0 0O O 0.06
11158 2011-02-10 2011-02-15 1 25 4 1 100.67
11429  2012-03-04 2012-03-10 O 34 12 6 278.15
11515  2012-06-28 2012-07-07 2 39 14 0 53.97
11640 2013-01-01 2013-01-05 5 4 O O 1.8l
11663 2013-01-29 2013-02-03 2 2 0O O 0.55
11748 2013-05-15 2013-05-18 O 10 4 O 3l1.16
11863 2013-10-10 2013-10-13 0 O O O 0.0
11875 2013-10-18 2013-10-28 0 81 18 2 93.60
11882 2013-10-26 2013-10-30 O 7 10 O 49.10
11923  2013-12-12 2013-12-15 0 O O O 0.0

Flare association, 1.e. number of C,M,X
flares within 24 h from GOES catalogues
(http://www.swpc.noaa.gov/)
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Number of Days

Data

9454 points

336 random days from September 2012 to May 2016
All SHARP frames with a 6 h cadence

Representative sample of cycle 24 SHARP data +

T T

2012 2013

2014
Year

2015
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2016

From Guerra+ in prep.
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Results: active regions time-series M
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Results: non-neutralized currents and flaring index

INN.tot

25 — NN, max
AR time-series B Flaring Index

NOAA Istart Tend B C M 2 —

11072 2010-05-20 2010-05-24 2 0 O o 20 —
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11429 2012-03-04 2012-03-10 0 34 12 :g :

11515 2012-06-28 2012-07-07 2 39 14 et |
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Iy ot = INN max @nd Strong polarity inversion lines

Example 1: A non-flaring AR

o
-
a

05/07/2017

AR 11883
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Iy ot = INN max @nd Strong polarity inversion lines

+
+

Example 2: A flaring AR

++ 7

AR 11683

. TabkUa.NN.Cur
Nax.NN.Cur

o
-
a

arcaec time {daya)
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Example 3: A very productive and (in)famous AR, NOAA AR 11158

Iy ot = INN max @nd Strong polarity inversion lines

) AR 11158

[ Tat.Ua.NN.Cur
L. Max.NN.Cur

| -

3
time {daya)
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Iy ot = INN max @nd Strong polarity inversion lines
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M-class flares occurred for

X-class flare occurred for

INN,tot > 3.9 - INN,maa:

Exclusive relation between

INN,tot > 1.0 - INN,ma:z;

non-neutralized currents and
strong-fragmented MPIL
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Correlations with current-
related parameters

Non - trivial relationship between

non-neutralized currents

and current-related parameters

05/07/2017
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Non-neutralized currents as flare _>c
predictors — Tot.Us.Fl

INN.lcl

0.8

0.6

Probability

Bayesian inference of the flaring probability: 0.41

p:F+1 sp— |PU=P) 0-2¢

0.0 . L

0.1 1.0
For a given threshold of a predictor R: Threshold

> M

-

F: Flaring AR with R > Rthres Lo ot Us Fl
N: total number of AR with R > Rthres L = et

0.6 -

Probability

0.4

0.2

0.0 r———————

0.1 1.0
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Correlation with CME properties — Preliminary results
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a
vent Tyvpe Start Time Associate nstrument eaK lime 10 ime ass || Source Location || Active Region Number irectly Linke: vent(s
E Type || Start Time (UT) A iated I Peak Ti End Ti Cl S L i Active Region Numb Di Iy Linked E
2012-09-28T02:25:00-CME-001
2012-09-28T02:47:00-SEP-001 D O \ K I d t b
STEREO A: IMPACT 13-100 MeV a a ase
Solar Flare || 2012-09-27 23:36 || GOES15: SEM/XRS 1.0-8.0 || 2012-09-27T23:57Z || 2012-09-28T00:34Z || C3.7 || NO9W26 11577 2012-09-28T03:00:00-SEP-001
GOES13: SEM/EPS =10 MeV
2012-09-28T05:21:00-SEP-001
STEREO B: IMPACT 13-100 MeV I I \/I E : ata ase
Solar Flare || 2012-10-20 1e-ns llenteis. epasvpe 1nenllaniy 1noaTie147 19019 10 2nT1e.107 lara 1 lleyozee
- 519 100 First C2 Central || Angular| Linear 2; d;:sd:tr 2nd-order P Mass Kinetic
Solar Flare || 2012-10-22 Appearance PA Width Speed ﬁnla,l height Speed at 20 m/s? [‘ ra‘n‘n] Energy || MPA [deg] Movies, plots, & links Remarks
= ————Date Time [UT] [deg] [deg] [km/s] ght | B kmys) | 57 2! [erg]
Solar Flare [km/s]
Solar Flare || 2012-11.08 2014/02/01 00:12:05 135 33 141 129 0 2471 34e+14||  33e28 136/(C2 C3 195 PHTX DST Java Movie | Only C2
2014/02/01(/03:48-05 7 7 301 37 473 *1 59e+14||  27e+29 77/|C2 €3 195 PHTX DST Java Mo :
Solar Flare || 2012-11-13 5 1 3 301 337 3 6.4 e+l et C2C3195 ava Movie | Poor Event
[ 2014/02/01 | 04:00-05 80 218 203 249 311 291 2 22 41e+20"2 112(|C2 €3 195 PHTX DST Java Movie | Partial Halo
Solar Flare || 2012-11-20 — — = ° Oetl 1629
2014/02/01 | 11: 93 152 207 348 388 38"l 19e+15"2| 85e+20"2 90|[C2 €3 195 PHTX DST Java Movie | Partial Halo NOAA AR
| Solar Flare || 2012-11-21
2014/02/01(20:36:06 84 80 310 414 497 86! 12e+14 5.9e+28 47||C2 C3 195 PHTX DST Java Movie |[Poor Event
Solar Flare || 2013-03-15 2014/02/02(102:24:05 180 19 278 282 290 04°1 188((C2 €3 195 PHTX DST Java Movie | Poor Event . .
2014/02/02[[02:24:05 57 25 1438 508 964 32871 5.9e+13| s.6ev2s 48/C2 C3 195 PHTX DST Java Movie||Poor Event: Only C2 Events reglstered on both llsts
2014/02/02((03:24:05 101 16 505 393 0 5991 — — 101||€2 €3 195 PHTX DST Java Movie |[Poor Event: Only C2
2014/02/02 (| 06:48:36 94 132 230 235 242 03*1]| 22e+15%2| 5.8e+29%2 84||C2 €3 195 PHTX DST Java Movie | Partial Halo . .
Solar Flare || 2013-04-1150,4,05/05([08.48.06 261 258 591 552 571 29[ 11e+16%2[ 19e+31%2 235(C2 €3 195 PHTX DST Java Movie || Partial Halo ( l,]_e ar source aSSOCIatlon
2014/02/02(|17:24:05 208 143 463 569 512 52| 22e+15"2| 24e+30%2 224/|C2 €3 195 PHTX DST Java Movie | Partial Halo
2014/02/02/23:48:05 120 30 199 181 0 6471 8.6e+13 17428 123((C2 €3 195 PHTX DST Java Movie | Poor Event: Only C2 .
y — o13.05.
T T e B e B T B HARP data that contain only one AR
2014/02/03 (| 08:24:05 3 3 3 255 -16.0°1 1et+15 0e+3 23195 ST Java Mov
Solar Flase || 2013-05.13 22L4/02/03 | 08:24:05 93 113 431 55 0 16.0 11etl 1.0e+30 114{|{C2 €3 195 PHTX DST Java Movie
2014/02/03 (| 11:24:06 91 81 213 255 392 50" 93e+14||  2.1e+29 90|[C2 €3 195 PHTX DST Java Movie | Poor Event . d h . h]_ d f d .
2014/02/03(|17:00:05 192 78 287 222 85 46" 13e+15||  5.4e+29 193(|C2 €3 195 PHTX DST Java Movie £ &VO]. ].g y erorme I'BglOIlS
solar Flare || 2013-05-
Solar Flare | 2013-05-13794 053]/ 202405 59 33 273 430 994 39.8"1 27e+14||  9.9e+28 55/|C2 €3 195 PHTX DST Java Movie || Poor Event: Only C2
2014/02/03(|21:24:05 186 60 23 140 0 13.0°1 57e+14||  14e+29 192(|C2 €3 195 PHTX DST Java Movie
2014/02/04(|01:25:46 233 181 528 457 501 44" 69e+15"2|| 9.6e+30%2 208|C2 €3 195 PHTX DST Java Movie || Partial Halo
2014/02/04 | 08:48:05 126 89 261 213 0 90" 55e+14 1.9¢+29 123((C2 €3 195 PHTX DST Java Movie | Only C2
2014/02/04(|12:24:05 57 29 151 94 0 1131 12e+14|  13e+28 58/{C2 €3 195 PHTX DST Java Movie | Poor Event; Only C2
2014/02/0416:36:06 250 189 368 339 33 2271 17e+15%2|| 1.2e+30%2 212||C2 €3 195 PHTX DST Java Movie || Partial Halo
2014/02/04|17:48:06 304 51 194 225 301 26" 47e+14|  89e+28 310{|C2 €3 195 PHTX DST Java Movie ||\: Poor Event
2014/02/04|19:48:05 219 127 204 306 317 08| 1.6e+14*2| 6.7e+28%2 218|C2 €3 195 PHTX DST Java Movie || Partial Halo

05/07/2017

HELAS 13, Heraklion 02-06/07/2017

Gopalswamy+ 2009
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Correlation with CME properties — Preliminary results

FLARE
FLARE TIME START  CLASS NOAA AR  speed ‘
2013-04-11T06:55:00.000  M6.5 11719 675.00
2013-11-08T04:20:00.000  X1.1 11800  444.00
2013-11-10T05:08:00.000  X1.1 11800 800.00
2014-01-07T18:02:00.000  X1.2 11944 2061.0 10000 [ T T T T TIIT] T T T T T 11T T T T T rrrij
2014-02-11T03:22:00.000  M1.7 11974 488.0 N ]
2014-03-29T17:36:00.000  X1.0 12017 707.00 _ i
2014-04-25T00:17:00.000  X1.3 12035 5210 - ce: 0.58 .
2015-06-18T16:33:00.000  M3.0 12371 1000.0 L §
2015-06-22T17:39:00.000  M6.5 12371 1155.0 i y = 632 +2.9x (km/S)
2015-11-04T13:30:00.000 M3.7 12443 780.0

2015-12-28T11:20:00.000  M1.8 12473 850.0

2015-03-09T23:20:00.000 M5.8 12297 1200.0 B

2015-03-11T16:11:00.000 X2.2 12297 1500.0 ?

2014-10-24T07:37:00.000  M4.0 12192 750.0 3 )

2014-11-07T16:53:00.000  X1.6 12205 800.0 v 1000~ +

2011-02-15T01:44:00.000  X2.2 11158 920.0 a - +

2012-03-05T03:30:00.000  X1.1 11429 1363.0 W - t

2012-03-07T00:02:00.000  X5.4 11429  2200.0 S N

2012-03-07T01:05:00.000 X1.3 11429 1800.0 N |
2013-10-28T01:41:00.000  X1.0 11875 650.0 + T
2013-10-22T21:15:00.000 M4.3 11875 650.0

2013-10-28T04:32:00.000  M5.1 11875 750.0

2015-03-10T03:19:00.000  M5.1 12297 1500.0 B ]
2015-03-15T01:15:00.000  C9.1 12297 1000.0

2015-08-21T09:34:00.000 M1.4 12403 350.0

2015-08-22T06:39:00.000 M1.2 12403 1057.0 100 ' e L L L L L L] L e
2015-00-20T17:32:00.000 M2.1 12415 1100.0 ¢ M Flore Gl B
9015-10-22T02:13:00.000  C4.4 12434 861.0 ore Lioss
2015-11-04T03:20:00.000 M1.9 12445 369.0

2015-12-01T07:59:00.000 C3.6 12458 310.0

2015-12-16T08:34:00.000  C6.6 12468 650.0

2016-04-18T00:14:00.000 M6.7 12529 689.0
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Correlation with CME properties — Preliminary results
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AR 11158, X2.2
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* Inyns: attlare onset time
* Innioe Peak during preceding 24 h

* Inynio: average during preceding 24 h

0 3 10 15
time to flare {hours)

05/07/2017

20

HELAS 13, Heraklion 02-06/07/2017 24



CME linear speed (km/s)

Correlation with CME properties — Preliminary results

Volue at flare time
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Conclusions — future work/in progress M

Exclusive relation between non-neutralized currents and MPIL formation
Iy s0: = 0 for AR without strong PILs
Very good correlation between non-neutralized currents and flaring index
Iy 10: and Iyy ... Produce better flaring probabilities than the total flux.
Iy 10: Produces better flaring probabilities than other current-related predictors

Good correlation with CME properties (speed, acceleration, kinetic energy)
Future

Ongoing work, involve more predictors!

Future work: explore evolution of non-neutralized currents, develop more predictors

Kontogiannis, Georgoulis, Park & Guerra 2017 SoPh submitted
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