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A	Simple	Picture	of	Flares	

?	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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How	does	the	magne9c	field	structure	change	during	flares?	
	
	
->	one	of	the	flare	energy	dissipa9on	mechanisms.	
	
	
Goal:	study	changes	in	the	photosphere	and	in	the	chromosphere.	
Compare	to	NLFFF	models	=>	free	energy.	
	

An	Open	Ques1on	in	Flare	Physics	

Kleint,	ApJ	834,	26,	2017	
Kleint	et	al.,	ApJ	865,	146,	2018	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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Running	difference	movie	of	a	flare	
Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	

Global	influence	of	
flares.	

movie	by	LMSAL	 3	
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par9cles	

radia1on	(lines	+	
con9nuum)	

kine9c	energy,	
hea9ng,	change	of	B	

Standard	Flare	Model	and	Energy	Dissipa1on	
Total	energy	of	a	large	flare:	1032	erg			
(comparison:	Hiroshima	8*1020	erg)	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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Magne1c	Field	Changes	

Photospheric	B	has	been	found	to	change	during	strong	flares	and	
penumbra	has	been	seen	to	disappear.	

•  e.g.	Kosovichev	&	Zharkova	1999,	Wang	et	al	1994,	Sudol	&	Harvey	2005	:	
15	X-flares,	median	90	G	change.		

For	chromospheric	B	changes,	there	is	
only	1	flare	measurement:	X1	flare	on	
2014-03-29	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	

bright	flash:	con9nuum	
(“white	light”)	emission	
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Chromospheric	Flare	Measurements	

Kuridze	et	al.,	ApJ,	2018	

B	can	be	measured	
off-limb	and	on-disk	
	
	
Very	few	chromo-
spheric	observa9ons	
during	flares.	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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Magne1c	Field	Changes:	2014-03-29	X1	flare	
Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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Magne1c	Field	Changes	

PHOTOSPHERE	(HMI,	IBIS)	
	

analyze	evolu9on	of	BLOS	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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Photospheric	Magne1c	Field	Changes	

Method:	Fit	BLOS(t)	with	a	stepwise	func1on		
	
	
	 Sudol	&	Harvey,	2010	

A	HMI	pixel	changing	
from	-750	G	to	-400	G.	

Flare	start	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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Magne1c	Field	Changes	during	the	X1	flare	on	2014-03-29	

Evolu9on	of	BLOS	on	
2014-03-29	(X1	flare	at	
17:45)	
	
	
	
Looking	for	sudden	changes,	
not	solar	evolu9on	/	flux	
emergence.	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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Possibly	failures	of	
HMI’s	B-determina9on	
due	to	flare-Stokes	I	

Pore:	~300	G	change	

=>	closer	to	-200	G	

Flare	start	

Photospheric	Magne1c	Field	Changes	
Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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Photospheric	Magne1c	Field	Changes	

Colored	pixels	=	magne1c	field	changed	permanently	

Photospheric	
changes	are	
below	320	G.	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	

small	sunquake	
(not	co-spa1al)	
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Chromospheric	Magne1c	Field	Changes	
Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	

CHROMOSPHERE	(IBIS)	
	

more	complicated	to	get	BLOS	
=>	used	weak-field	approxima9on	

13	
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-	Speckle-reconstructed	Ca	II	8542	images	(80”	x	40”)	from	IBIS.	
-	more	complicated	to	get	BLOS	than	for	HMI	=>	used	weak-field	approx.	

Chromospheric	Flare	Observa1on	
Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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Chromospheric	Magne1c	Field	Changes	

2

To search for photospheric changes of BLOS, data from
the Helioseismic and Magnetic Imager (HMI) onboard
the Solar Dynamics Observatory (SDO) (Scherrer et al.
2012) were used. HMI records six wavelength points with
a filter passband of 76 mÅ in the Fe I 6173 Å line at
a cadence of 45 s. The HMI plate scale is 0.5 arcsec
pixel�1. We use the series hmi.M 45s nrt, which inter-
polates linearly over three temporal intervals, instead of
the interpolation with a sinc function over five intervals
in the regular (non-nrt) data series. The algorithm used
for HMI data to calculate BLOS from the polarimetric
images at these six wavelength points has a known scal-
ing di↵erence to the magnetic fields retrieved from the
inversions and underestimates the actual field strength
for strong fields (Hoeksema et al. 2014). We used data
from 17:30-18:00 UT, removed the solar rotation, and
aligned all images.
To search for chromospheric changes of BLOS, the Ca II

8542 Å line recorded by the Interferometric Bidimen-
sional Spectropolarimeter (IBIS) at the ground-based
Dunn Solar Telescope (DST) (Cavallini 2006; Reardon
& Cavallini 2008) was used. IBIS is a dual Fabry-Perot
interferometer in a collimated beam. During our observa-
tions, three spectral lines were scanned in sequence (Ca II

8542 Å, H↵ 6563 Å, and Fe I 6302 Å). Two di↵erent ob-
serving programs were run during the flare, resulting in
a cadence of 56 s and a Ca line scan time of 18 s before
17:48 UT and a cadence of 37 s and a Ca line scan time
of 15.5 s afterwards. The Ca II 8542 Å line was scanned
with 21 wavelength points from 8539.8 to 8544.4 Å with
di↵erent step sizes (0.044 Å near the line core to 1 Å in
the line wings, see Fig. 1). We use data from 16:45 -
18:23 UT for this study.
The IBIS data reduction includes a correction for dark

current, gain, prefilter transmission, a destretch for see-
ing, the removal of the blueshift of the transmission pro-
file across the FOV because of the collimated mount,
and a polarization calibration (for more details, see e.g.
Kleint 2012). The noise in the polarization images is es-
timated at 1% of I, which is about the signal in Q and
U . Therefore, only V is used, i.e. only line-of-sight mag-
netic fields, and we restrict our analysis to pixels with
max(V ) � 2%.
We determine the chromospheric BLOS from the weak-

field approximation (WFA; e.g., Landi Degl’Innocenti
1992; Harvey 2012). First, the data were binned by 2
(to 0.2 arcsec pixel�1) to minimize influence from small
misalignments. Then we applied the WFA separately to
the whole profile (8540.7–8543.3 Å) and to the blue wing
(8541.6–8542.0 Å), giving us two values for BLOS and a
method to check if the WFA is reliable or if the profile
is irregular (see example in Fig. 1). The WFA relates
Stokes V to the derivative of I:

V (�) = ���H cos ✓
dI(�)

d�
(1)

where ✓ is the angle between the line-of-sight and the
direction of ~B, and I(�) is the intensity of the unsplit
profile, which under the WFA is assumed to be close
enough to the observed, magnetic profile. The Zeeman
splitting is

��H =
e

4⇡mec
B�2

0 ge↵ = 4.6686 · 10�13B�2
0 ge↵ (2)

Fig. 1.— Top: Chromospheric magnetogram. The (normalized)
Stokes I profile of an example pixel (red circle, selected because
it exhibits a significant change of the magnetic field of �BLOS =
�220 Mx cm�2, see Sect. 3) is shown in the middle panel with
the diamonds indicating the observed wavelengths. The bottom
panel shows V/I (black) and the two WFA fits obtained from the
derivative of Stokes I for the blue wing (blue) and the full profile
(orange). Both fit well and the resulting magnetic field values are
given on the bottom right.

with the e↵ective Landé factor ge↵ , the central wave-
length �0 of the spectral line and units of Å for wave-
lengths and G for the magnetic field strength. For Ca II
8542 Å, ge↵ =1.1. As a reminder for potentially unre-
solved fields and for the di↵erent resolutions of HMI and
IBIS, we will use units of flux density (Mx cm�2) instead
of the field strength (G).

3. DETERMINING THE MAGNETIC FIELD
CHANGES

To determine whether BLOS in a given pixel exhibits a
stepwise change, we fitted the same function as Sudol &
Harvey (2005):

B(t) = a+ bt+ c

⇢
1 +

2

⇡
tan�1[n(t� t0)]

�
, (3)

where a and b describe the background field evolution, c
is half of the amplitude of the magnetic field change, 1/n
is the timescale and t0 the midpoint of the change.
Because the HMI algorithm fails at flare maximum due

to the varying shape of Stokes I, we excluded those points
(up to 5 points, depending on pixel) from fitting. We ex-
cluded bad fits of photospheric data with the following
selection rules: the magnetic field change must be com-
pleted during our data series, the jump cannot be more
than 1000 Mx cm�2 and a linear fit must not give smaller
residuals than our stepwise fit. The remaining changes

propor9onal	to	B	

Compare	Stokes	V	to	the	
deriva9ve	of	the	intensity.	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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Chromospheric	Magne1c	Field	Changes	

Polarity	changing!	

change:	>500	G!	

Flare	start	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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Chromospheric	Magne1c	Field	Changes	
Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	

•  Changes	occur	in	coherent	areas	
•  Chromospheric	changes	are	stronger	than	photospheric	

changes	(640	G	vs.	320	G)	

17	
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Chromosphere	

Photosphere	

Comparison	of	photosphere	and	chromosphere	

similar	pos.	to		
photosphere	

only	chromospheric	
change	observed	here.	

Chrom.	changes	are	stronger	
and	occur	in	larger	areas.	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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Chromosphere	

Photosphere	

Chrom.	changes	near	loop	footpoints	

Comparison	of	photosphere	and	chromosphere	
Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	

19	
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X-rays	and	con1nuum	emission:	context	

The Astrophysical Journal, 739:96 (7pp), 2011 October 1 Krucker et al.
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Figure 2. Imaging results in G band, UV, and 25–100 keV hard X-rays. (a) G-band image during hard X-ray peak (18:43:38.5 UT). (b) Same image with the pre-flare
image taken at 18:39:39 UT subtracted. The dark yellow contours show the same image convolved with the RHESSI PSF (3.′′0 FWHM). (c) TRACE 1600 Å image
taken at 18:43:39 UT. ((d)–(f)) RHESSI CLEAN contours (3.′′0 FWHM resolution) in the energy range 25–100 keV at 4, 8, and 16 s time integration, respectively. The
shown image is the same G-band image as shown in panel (b). All contour plots (Figures 2 and 3) use the same contours levels (15%, 30%, 45%, 60%, 75%, 90% of
the peak flux).
(A color version of this figure is available in the online journal.)
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Figure 3. Details of the southern footpoint. Left: the image shows the background-subtracted G-band emission with 25–100 keV hard X-ray contours from the 8 s
integrated data plotted in yellow (same contours as in Figure 2). The thin white contours are the G-band emission (same contours as used for the hard X-ray data).
(center) The same G-band image is shown with TRACE 1600 Å contours using again the same contour levels. Right: spatial profiles perpendicular to the ribbon of
the brightest footpoint (the white dashed arrow in the figure to the left gives the direction of the shown profiles). The black curves show the G-band profile (solid,
∼1.′′8 FWHM), the G-band PSF (dotted, ∼0.′′18 FWHM from Wedemeyer-Böhm 2008), and the G-band profile convolved with the RHESSI PSF (dash-dotted, ∼3.′′8
FWHM). The observed hard X-ray profile is given in red (∼3.′′0 FWHM) and the RHESSI PSF is the blue dashed curve (3.′′0 FWHM). Since the absolute pointing of the
G-band image is not well known, the relative position of the shown G band and hard X-ray profiles are not known accurately enough for a sub-arcsecond comparison.
(A color version of this figure is available in the online journal.)
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X-rays	(from	e-	stopped	in	chromo-
sphere)	generally	agree	with	WL	
emission	

Krucker	et	al.	ApJ	739,	2011	 Heinzel	et	al.,	ApJ,	2018	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	

If	magne9c	field	changes	also	agree	
spa9ally,	there	may	be	a	common	
mechanism.	
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Chromosphere	

Photosphere	

Overlap	with	X-rays?	
Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	

21	

Not	much	overlap.	Most	changes	
occur	where	no	X-ray	signatures	are	
seen.	
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BLOS	becomes	smaller	
aoer	the	flare	

Here	BLOS	becomes	larger	
aoer	the	flare	

Chromosphere:	Geometry	
Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	

Chrom.	changes	near	
loop	footpoints	

22	
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Modeling	

Can	NLFFF	models	reproduce	the	
observed	changes?	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	

in	collabora9on	with	M.	Wheatland,	A.	Mastrano,	P.	McCauley	
University	of	Sydney,	Australia	
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Comparison	with	NLFFF	modeling	
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•  Obtain	NLFFF	model	every	135	s	(from	HMI	vector	data)	
•  2	solu9ons:	P	and	N,	but	P	is	more	realis9c	
•  Fit	the	same	arctan	func9on	to	all	NLFFF	models	to	obtain	magne9c	field	changes	

Kleint	et	al.,	ApJ	865,	146,	2018	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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•  Varia9on	of	magnetogram	with	height	in	NLFFF	model.	
•  Use	index	0	for	photosphere,	index	1	(h=725	km)	for	chromosphere		

Comparison	with	NLFFF	modeling	
Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	

25	
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Comparison	with	NLFFF	modeling	
Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	

Magnetograms	of	
obs.	and	model	
agree	for	both	
layers.		
	
	
HMI	45	s	data	
underes9mate	BLOS	
(known).	

26	
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Comparison	with	NLFFF	modeling	
Chromosphere	does	not	
agree	at	all.	
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Photosphere	agrees	more	
or	less,	but	not	perfectly.	

	
Conclusion:		
-  not	force-free?	
-  physics	of	chromo-

sphere	missing	in	model.	

observa9ons:	

modeling:	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	–	Summary	
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Sta1s1cs	

What	about	other	flares?	
	

(no	chromospheric	data	yet…)	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	– Summary	

Castellanos	Duran	et	al.,	ApJ	852,	25,	2018	
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Sta1s1cs:	Occurrence	
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Sta1s1cs	
•  75	flares	analyzed,	changes	

found	in	all	>M1.6.	
•  Area	of	changes	correlated	

to	flare	energy.	
•  Strong	changes	occur	near	

the	polarity	inversion	line.	
	

Castellanos	Duran	et	al,	ApJ	852,	25,	2018	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	– Summary	
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Sta1s1cs:	Areas	of	photospheric	B-changes	

Sta1s1cs	
•  The	(detected)	B-change	

area	depends	on	the	flare	
strength.	

•  area	corrected	for	
foreshortening.	No	
dependence	on	limb	
distance	

Castellanos	Duran	et	al,	ApJ	852,	25,	2018	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	– Summary	
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Sta1s1cs:	loca1on	of	photospheric	B-changes	

Sta1s1cs	
•  The	strongest	B-changes	

occur	near	the	polarity	
inversion	line	
(exponen9al	decay	with	
distance)	

	
•  Example:	90%	of	

changes	>	250	G	are	
within	9”	of	PIL.	

Castellanos	Duran	et	al,	ApJ	852,	25,	2018	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	– Summary	
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Are	B-changes	related	to	white	light	emission?	

Sta1s1cs	
•  WL	&	B-changes	ooen	

overlap,	but	are	not	
iden9cal.	

•  In	64%	of	the	cases	the	B-
change	area	is	larger	than	
the	WL	area.	

	

Castellanos	Duran	et	al,	to	be	
submised,	2019	
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Outlook	

We	do	not	yet	have	sta1s1cs	for	
chromospheric	magne1c	field	changes.	

	
->	GREGOR,	DKIST	
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Summary:	2014-03-29	flare	

Photosphere	
•  	HMI	ΔBLOS:	<320	G	
•  Changes	close	to	polarity	

inversion	line.	

Chromosphere	
•  Stronger	(<640	G)	and	bigger	areas		
•  Changes	close	to	loop	footpoints.	
•  Not	reproduced	by	NLFFF.	
•  More	sta9s9cs	desired.	

•  Not	compa9ble	to	shrinking	loops.	Compa9ble	
to	increasing	loop	sizes	or	untwis9ng	loops.	

independent?	

Introduc1on	–	Observed	Changes	of	B	–	NLFFF	Modeling	– Summary	
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