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3. Magnetic coupling and mass flux through the atmosphere

Magnetic coupling through the atmosphere

L. P. Chitta1

1Max Planck Institute for Solar System Research, Göttingen, Germany

Probing the magnetic coupling through the solar atmosphere is central to deciphering a wide range
of plasma dynamics observed above the visible surface of the Sun. The Interface Region Imaging
Spectrograph in coordination with the current fleet of ground- and space-based telescopes provides
unprecedented details of the magnetic processes and magnetic-field-regulated mass and energy transport
through the solar atmosphere. In this talk, we will review some recent studies that highlight the
complex nature of magnetic coupling at the chromospheric interface of coronal loops. The role of
apparent chromospheric magnetic reconnection at the base of coronal loops in the heating of discrete
hot structures in active region cores will be discussed.
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Magnetic coupling and solar structures
Magnetic coupling

Confined events Eruptive events
Peter et al. (2014) Science, 346, 1255726

UV bursts

Thermal coupling <—> Observed structures

Testa et al. (2014) Science, 346, 1255724

Nanoflare loops

Sun et al. (2015) ApJL, 804, L28

Flares (confined)

Jets
Sterling et al. (2015) Nature, 523, 437

M. Janvier et al.: Currents and QSLs during an X-class flare
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Fig. 1. a) AIA 304 Å image showing the positions of the dark filaments before the flare, “f1” and “f2”; b) snapshot of the flare event SOL2011-09-
06T22:20 in the AIA 131 Å filter before the flare onset. In this filter, corresponding to a coronal plasma of 10 MK, an intense bright structure made
of S- and/or J-shaped loops appears, referred to as a sigmoid, and is indicative of the presence of a flux rope. c) An image in the 304 Å AIA filter,
corresponding to a coronal plasma of 50 000 K, shows the flare ribbons at 22:17 UT. The ribbons first appear in the region where the brightened
sigmoid is observed before the flare, while another ribbon extends in a circular shape to the north of the PIL. d) A 304 Å image shows the first
filament eruption (f1) that displays some twist. e) The 335 Å filter shows the flare loops above the PIL and a strong dimming in the faculae region,
surrounded by a faint remote flare ribbon. The flare loops appear after the onset of the flare and are mostly localized above the frontier between
the strong positive polarity and negative polarity region shown in Fig. 2. f) This snapshot in AIA 171 Å shows the second, jet-like-shaped eruption
of filament part f2, 16 min after the first eruption. An accompanying movie showing the region in di↵erent filters is available online.

The structure of the paper is as follows: Sect. 2 summarizes
SDO observations of the 6 September 2011 event. Section 3
presents an analysis of the high current density regions evolv-
ing during the impulsive phase of the flare. Section 4 gives the
details of the nonlinear force-free field (NLFFF) modeling. In
Sect. 5, we report on the QSL computation and the comparison
between QSLs and the model, the AIA flare ribbons, and the
HMI current ribbons. In Sect. 6, we discuss the evolution of the
unstable model and, finally, the results are summarized and we
conclude in Sect. 8.

2. The X-class flare event of 6 September 2011

The flare that we study throughout the paper is of class X2.1
and took place on 6 September 2011 in NOAA AR 11283
(SOL2011-09-06T22:20). It occurred near disk center at position
N14W18. Because of its intensity and its location, the flare has
been the object of many studies (Petrie 2012; Wang et al. 2012;
Feng et al. 2013; Jiang & Feng 2013; Jiang et al. 2013, 2014a,b;

Zharkov et al. 2013; Gary et al. 2014; Liu et al. 2014; Yang et al.
2014; Xu et al. 2014). The flare, as recorded by the Geosta-
tionary Orbiting Environmental Satellites (GOES), started at
22:12 UT, peaking around 22:20 UT. Its gradual phase shows
several features in the decay. However, these features are di↵er-
ent from one EUV filter to another; for example, in the 335 Å fil-
ter, another emission peak appears at around 22:40 UT. A CME
was recorded by the LASCO instruments C2 and C3 with a
lifto↵ time measured at 23:28 UT and median speed 485 km s�1.
The CME evolution and energetics were studied in detail by
Feng et al. (2013). Finally, the same region released another
X-class flare (X1.8) a day later, at around 22:35 UT and a M6.7
flare on 8 September 2011 (Zhang et al. 2015).

The flare was recorded by AIA (Lemen et al. 2012) aboard
SDO with a time cadence of 12 s. Images at di↵erent times be-
fore, during, and after the flare are shown in wavelengths 131 Å,
304 Å, 335 Å, and 171 Å in Fig. 1. First, the intense flare peak-
ing at 22:20 UT starts with the activation of a bright sigmoid seen
in the 94 Å and 131 Å filters, centered at (x, y) = (30000, 11000).

A141, page 3 of 17

Eruptive flares

Janvier et al. (2016) A&A, 591, A141



Magnetic coupling and solar structures
Magnetic coupling

Confined events

Peter et al. (2014) Science, 346, 1255726

UV bursts

Thermal coupling <—> Observed structures

Testa et al. (2014) Science, 346, 1255724

Nanoflare loops
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What governs the 
energy release,            
its location,                 
and frequency?

Evolution of loops in an active region 

~ 5 MK (?)

Magnetic coupling and solar structures

The role of 
magnetic field?
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Magnetic coupling and solar structures
AC - wave models DC - braiding models
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Current space and ground based telescopes 
provide valuable observations to probe the 

magnetic coupling through the solar atmosphere

Magnetic coupling and solar structures
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Context

Structures rooted 
in sunspot umbra

Structures rooted 
outside sunspot umbra

Image credits: NASA/Goddard Space Flight Center Scientific Visualization Studio



Isolated loops rooted 
in a sunspot umbra
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Clear identification of footpoints due 
to weak emission from the umbra

Ch
itt

a,
 P

et
er

 &
 Y

ou
ng

 (2
01

6)
 A

&A
, 5

87
, A

20
Sunspot loops



Sunspot loops

Subsonic flow Supersonic flow
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A&A 582, A116 (2015)
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Fig. 4. Upper left-hand panel: temporal average of AIA 304 Å intensity, with HMI continuum intensity contours from Fig. 1 overlayed. The green
solid and dashed lines indicate a path of inflows and the area of integration used for the time-distance plot in the right panel. Lower left panels:
temporal average images of HMI continuum intensity and three AIA channels. The red marks indicate the satellite region and Point C as in Fig. 1.
Central panels: temporal evolution of the O iv and Si iv lines averaged over 13 pixels in the northern satellite region centered on Point C. The
region of the satellite in Si iv, indicated by the bar on top, has been contrast-enhanced to better show the weak connection to the main component’s
shock maneuvres. Right panel: relative AIA 304 Å intensity fluctuations, integrated across the path identified by the green lines in the context
image in the upper left. The colour table maps variations from �30% to +30%. Coronal rain is visible with plane-of-sky velocities comparable
to the downflow velocity of the satellite (90 km s�1, indicated by the white line). However, these inflows do not seem to extend to the position
of the satellite feature in the umbra but appear to end at the lightbridge, as identified by the vertical, blue lines in the time-distance plot and the
corresponding marks on the path in the HMI continuum context image.

On the other hand, the ratio of intensities of the satellite
lines with the same post-launch calibration has the lower value
of 1.6 ± 0.3. The ratio of widths is 1.1 ± 0.3. Moreover, the
Si iv satellite lines are clearly broader than their main compo-
nents: the ratio of the FWHM of the satellite lines to the corre-
sponding main component is 1.35 ± 0.4 (see also Fig. 3). This
contrasts with the observation that the widths of the O iv satel-
lite lines are approximately equal to those of their main compo-
nents (ratio: 0.95 ± 0.15). Since the peak intensities of the Si iv
and O iv satellite lines are comparable (see again Fig. 3), it is
implausible to suggest that a bias due to a possible instrumental
background or solar continuum can explain these measurements.

It would therefore be tempting to interpret the larger width of
the Si iv satellite lines as an optical thickness e↵ect. Following
the approach of Doschek & Feldman (2004), this increased
width would imply an optical thickness close to unity or larger
(see for instance their Fig. 3). An optical thickness close to
unity in the Si iv 1394 Å line, with densities of approximately
1010�1011 cm�3, as inferred in the following Sect. 3.3.2, implies
a geometrical thickness of at least a few hundred kilometres for
the emitting plasma. Whether optical thickness e↵ects alone can
explain the broader Si iv satellite lines (as well as their ratio)
needs to be verified by more detailed models.

3.3.2. Electron density

The inter-combination multiplet of O iv lines at 1397.20 Å,
1399.77 Å, 1401.16 Å, 1404.81 Å, and 1407.39 Å provides a
well known set of density-sensitive pairs (e.g. Dwivedi & Gupta
1992). The lines at 1397.20 Å and 1407.39 Å are outside the
spectral window of this data set however, while the line at
1404.81 Å is blended with an S iv line. We thus consider the
ratio between the O iv 1399.77 Å and 1401.16 Å lines as den-
sity diagnostics. We adopted the CHIANTI database of atomic
data version 7.1.4 (Dere et al. 1997; Landi et al. 2013), assum-
ing a Maxwellian distribution. It should be noted that Dudík
et al. (2014) have recently studied the e↵ects of non-Maxwellian
distributions of electron energies on both the Si iv and O ivmul-
tiplets. We feel, however, that it is unlikely the stationary flows
that we are examining can sustain substantial departures from
equilibrium energy distributions.

The time variation of densities inferred from this ratio is
shown in Fig. 5, alongside the variation of the line intensi-
ties of both the main and the satellite components. To improve
the signal-to-noise ratio, the line intensities were smoothed us-
ing a bi-Gaussian kernel with FWHM of three pixels along the
slit and of five spectra in the time domain, corresponding to

A116, page 6 of 11
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Samanta et al. (2018) ApJ, 859, 158

A general property



Sunspot loops

Supersonic downflows in sunspot loops
- Suppressed convection and Poynting flux
- Signatures of cooling
- Known since 1980s
- IRIS is able to provide spatial connection 

of flows to the loops and footpoints

Dere (1982) SoPh, 77, 77

C IV



Structures rooted outside sunspot umbrae



UV bursts: Diamonds in the rough

Peter et al. (2014) Science, 346, 1255726

Form over flux cancellation — magnetic reconnection
Georgoulis et al. (2002) ApJ, 575, 506

Confined to low heights — Lack of coronal emission — 
but…



What if the UV bursts are triggered at the 
feet of coronal loops?
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Magnetic coupling

100′′

Low-lying
fan surface

3D magnetic topology surrounding the burst
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Magnetic coupling

100′′

Magnetic reconnection due to null-point shear

Si IV 1403 Å 
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Magnetic coupling

Reconnection outflows
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100′′

Coronal connection of hidden bursts 
through magnetic coupling

Magnetic coupling
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Bursts along (Hi-C) braided loops

Cirtain et al. (2013) Nature, 493, 503

The Astrophysical Journal Letters, 795:L24 (6pp), 2014 November 1 Tiwari et al.
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Figure 1. (a) Example Hi-C image with clear magnetic braided structure (indicated by an arrow) in which the 10 subflares, as numbered in (d) and listed in Table 1, were
observed during our observation interval of four hours. (b) AIA image shown during a subflare in the braided structure immediately after the Hi-C span of observations.
A dotted contour roughly outlines the braided coronal magnetic structure. (c) LOS magnetogram with red/blue contours representing the positive/negative polarity
field of the level of ±300, ±700 G. (d) AIA 193 and 94 Å light curves for the braided area covered by the contour shown in (b). Each numbered peak is from the
corresponding numbered subflare listed in Table 1.
(A color version of this figure is available in the online journal.)

studied separately (see, e.g., Park et al. 2009, for rates of flux
cancellation in ARs), this Letter presents new high-resolution
observations showing in unprecedented detail the direct corre-
spondence of coronal subflares to underlying small-scale flux
cancellation.

2. DATA SETS USED

We used four hours (17:00–21:00 UT) of movies from the
Atmospheric Imaging Assembly (AIA; Lemen et al. 2012), in
the 1600, 193, and 94 Å channels, and LOS magnetograms from
HMI, both on board the Solar Dynamics Observatory (SDO)
spacecraft. This time period covers two hours before and two
hours after the ∼5 minutes of Hi-C 193 Å observations. The
pixel sizes of AIA and HMI are 0.6 and 0.5 arcsec, respectively.

The temporal cadence of each AIA channel is 12 s and that of
HMI is 45 s.

The 1600 Å passband on AIA is primarily lower-
chromospheric continuum emission, but also covers the two
C iv lines near 1550 Å formed at T ≈ 105 K in the lower tran-
sition region (TR). The short-term brightenings in the 1600 Å
band have been found to be due to these C iv lines, and hence
are from the lower TR (Lemen et al. 2012). Thus, the bright-
ening events seen in this band occur low in the magnetic field
below the coronal braided structure, and close above the field’s
evolving feet observed in the HMI magnetograms.

The AIA 193 Å and 94 Å bands are both predominantly
coronal (Lemen et al. 2012). The 193 Å band mostly detects
Fe xii at about 1.5 MK, but also corresponds to TR emis-
sion from 2–3 × 105 K plasma (Del Zanna 2013; Winebarger
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by an arrow in Fig. 2c, Supplementary Fig. 2 and Supplementary Video 2).
At the location of the flare, strong (150 km s21) outflows of plasma from
the reconnection region are observed. These twisting loops are sheared
across a polarity inversion line in magnetic field in the photosphere (field

strength, 103 G; see magnetogram in Supplementary Fig. 3), along which
strong shearing flows are present (Supplementary Video 3). Using the
Extreme-ultraviolet Imaging Spectrometer24 observations from the Japan
Aerospace Exploration Agency’s Hinode spacecraft, we have determined

a AIA 304 Å: He II (0.1 MK) 18:55:20 b AIA 171 Å: Fe IX/X (1 MK) 18:55:24 c Hi-C unsharp masked image: 18:56:04

d AIA 193 Å: Fe XII (1.5 MK) 18:55:19 e Hi-C 193 Å: Fe XII (1.5 MK) 18:56:04 f AIA 94 Å: Fe XVIII (6.3 MK) 18:55:26

10,000 km

Figure 2 | A coronal loop seen at several different
coronal temperatures by AIA and Hi-C. Labels
indicate the passbands, the dominant emitting ion
and the peak formation temperature of the ion. The
image in c was constructed by smoothing the
original image (e) and subtracting the processed
image from the original. This ‘unsharp mask’
version of the Hi-C data enhances the shapes of
fine-scale structures in the image relative to the
image background. All panels show a narrow
magnetic arch that Hi-C resolves to be twisted along
its length. The twisted loops converge and appear to
intersect (arrow in c). A C1.7 flare centred on this
intersection is seen in the AIA images about 3 min
after the Hi-C flight (Supplementary Video 1).

a Hi-C 193 Å: 18:53:28 b Hi-C 193 Å: 18:53:45 c Hi-C 193 Å: 18:54:13

d Hi-C 193 Å: 18:54:41 e Hi-C 193 Å: 18:55:08

A A

A

B

10,000 km

A

A

f Hi-C 193 Å: 18:55:36

Figure 3 | A time series from Hi-C data. Box A is centred on a location in the
braided structure where multiple loops converge and wind about each other. In
a, we trace along several of the features to guide the eye. As the time sequence
proceeds, the loops unwind, as evidenced by the structural changes shown in

box A, discernible by comparing c with f (see also Supplementary Video 2).
Area B in b highlights a section of the loop ensemble that is found to unwind or
simplify during the observation period.
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braided loops
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Magnetic roots of coronal loops



220 240 260 280 300 320 340 360
X (arcsec)

-260

-240

-220

-200

-180

-160

-140

Y 
(a

rc
se

c)

SD
O

 H
M

I1
2-

Ju
n-

20
13

 2
3:

38
:5

5(a)

220 240 260 280 300 320 340 360
X (arcsec)

-260

-240

-220

-200

-180

-160

-140

Y 
(a

rc
se

c)

SD
O

 A
IA

 1
71

12
-J

un
-2

01
3 

23
:3

9:
11(b)

Where are coronal loop rooted?

SDO HMI

IMaX observed an emerging active region
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Plasma at ~ 1 MK
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IMaX revealed a rich structure of the magnetic field 
in the photosphere which is not detected by HMI

SUNRISE IMaX
Plasma at ~ 1 MK
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Mixed polarity magnetic field at
coronal loop footpoints

SUNRISE IMaX
Plasma at ~ 1 MK
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Magnetic flux cancellation at coronal loop footpoints 
— similar to the case of UV bursts
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Flux cancellation in action



Flux cancellation in active region cores
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Highly variable emission from the footpoint of a 
nanoflare driven coronal loop



Flux cancellation in active region cores
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Chitta, Peter & Solanki (2018; to appear in A&A Letters; ArXiv e-prints 1806.11045)

Emission from both the footpoint



Flux cancellation in active region cores
Chitta, Peter & Solanki (2018; to appear in A&A Letters; ArXiv e-prints 1806.11045)

Emission from both the footpoint



Flux cancellation in active region cores
Chitta, Peter & Solanki (2018; to appear in A&A Letters; ArXiv e-prints 1806.11045)

Flux cancellation

EUV burst



No
Obvious
braids

Flux cancellation

Chitta, Peter & Solanki (2018; to appear in A&A Letters; ArXiv e-prints 1806.11045)

Flux cancellation in active region cores



Magnetic coupling and solar structures

• Flux cancellation 
and reconnection 
at footpoints

• Reconnection 
height and 
dynamics
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What governs the 
energy release,            
its location,                 
and frequency?



Flux cancellation and reconnection

- a process discrete in space and time      
in contrast to braiding and waves 

- can explain the spatial structuring and 
temporal evolution of the atmosphere

- generate high heat input to                
power the loops in active region cores 



Summary

Bursts and coronal loops are governed by the           
underlying magnetic landscape 

- Sunspot loops — supersonic downflows — 
cooling due to suppressed energy input

- Flux cancellation and signatures of reconnection 
(EUV bursts and jets) at the feet of coronal loops

- Towards a unified picture of bursts and loops — 
driven by magnetic reconnection


