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Outline

1. Role of fine structure in the solar atmosphere!

2. Thermal instability in the solar corona: a tracer and a mechanism 
for fine structure!

• Coronal rain & prominences!

3. Alfvénic waves & instabilities: strands, current sheets, 
reconnection, turbulence  & heating (nanoflares)!

• corona, prominences, spicules
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Fine-scale structure in the solar corona

(Aschwanden & Nightingale 2005, Reale 2010, Peter+ 2010, Brooks+ 2012-3)
A

nt
ol

in
+ 

20
15

The Astrophysical Journal Letters, 772:L19 (5pp), 2013 August 1 Brooks et al.
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Figure 4. Hi-C and AIA images and intensity profiles. Top panel: example of a
loop segment that is apparently composed of one to two structures when imaged
by AIA, but is revealed by Hi-C to consist of at least three structures. Middle
panel: example of a loop segment that appears to be a single structure when
imaged by either instrument. Bottom panel: example of a relatively long loop
that shows substructure in Hi-C.
(A color version of this figure is available in the online journal.)

Hi-C. An example is shown in the middle panel of Figure 4. This
loop has a Gaussian width of 554 km in AIA and 562 km when
measured by Hi-C. As discussed, many coronal loops observed
spectroscopically at lower spatial resolution have been found to
have narrow temperature distributions. These loops likely cor-
respond to examples of large loops observed by Hi-C like this
one. From our EM analysis, we found that this loop has a narrow
thermal width of σT = 0.32 MK.

Nevertheless, the thermal width of even this loop is larger
than the majority of the loops in the sample. The loop in the
top panel of Figure 4, for example, has a thermal width of σT =
0.04 MK. From our EM analysis of the complete sample of
all the loops detectable with AIA, we found that 70% have
σT !0.32 MK. These results are comparable to spectroscopic
measurements by EIS (Warren et al. 2008), though there are
relatively more loops with a broad temperature distribution,
reflecting the larger uncertainties in the AIA EM analysis. The
results do, however, support the idea that these loops have
narrow temperature distributions and are composed of only a
few magnetic threads.

Recently, Peter et al. (2013) analyzed several long loops
observed by Hi-C and found that they have smooth cross-field
intensity profiles. They suggested that they are either single
monolithic structures or are composed of many very small
strands. With our larger sampling of the data we do in fact find
some cases of long loops that show evidence of substructure
when imaged by Hi-C. The loop shown in the bottom panel
of Figure 4 is the best example. The results for these loops
are not atypical. The widths of loops like this fall within the
distribution of Figure 3. We do agree with the conclusion of
Peter et al. (2013) that many of the narrow features within the
Hi-C field of view appear to be relatively short loops.

The instrument performance achieved by the Hi-C team
demonstrates that 100 km spatial scales will be routinely
observable with future coronal spectrometers such as that
planned for Solar-C (Teriaca et al. 2012). The results presented
here are encouraging to the view that such instruments will be
able to measure the true plasma properties of coronal loops,
and provide realistic constraints for coronal heating models.
If confirmed by these instruments, then our Hi-C loop width
measurements already represent the true spatial scales of coronal
structures. Theoretical models need to explain why the corona is
structured on these scales, and why the temperature distributions
are narrow over scales of hundreds of km.

We acknowledge the High resolution Coronal Imager in-
strument team for making the flight data publicly available.
MSFC/NASA led the mission and partners include the Smithso-
nian Astrophysical Observatory in Cambridge, Massachusetts;
Lockheed Martin’s Solar Astrophysical Laboratory in Palo Alto,
California; the University of Central Lancashire in Lancashire,
England; and the Lebedev Physical Institute of the Russian
Academy of Sciences in Moscow. This work was performed
under contract with the Naval Research Laboratory and was
funded by the NASA Hinode program. Hinode is a Japanese
mission developed and launched by ISAS/JAXA, with NAOJ
as domestic partner and NASA and STFC (UK) as international
partners. It is operated by these agencies in co-operation with
ESA and NSC (Norway).
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• How do small-scale processes translate into very large scales, and vice-versa?!
! ! ! ➙ organisation of the magnetic field in the solar corona!
Some observational facts:!
• Long lifetimes of coronal loops (Reale & Peres 2000; Warren et al. 2003, Klimchuk 2006)!
• Broad DEMs: multi-temperature profiles (Warren et al., )!
• Unresolved motions (De Pontieu+ 2015, D. Brooks & Hara-san’s talk)!
• Tendency for strand-like structure at higher spatial resolution!
➙ 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)!
➙ Strands ⟷ reconection & nanoflares? (Parker 1988, Vekstein 2009) 
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Fine-scale structure in the corona

4

Not only a tracer but also a mechanism of fine-scale generation!
What is the role of thermal instability in the corona? What can we learn 

from it about coronal heating?

Thermal instability phenomena (prominences & coronal rain) provide 
the highest resolution windows into fine-scale structure in the corona
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limit cycles, evaporation 
- condensation cycles
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Thermal instability in coronal loops

Heating / unit 
mass ➘ 

Local pressure drop:                                                      
Catastrophic cooling 

Condensation & 
evacuation

Heating  
< Radiation 
losses ➚

State of thermal non-equilibrium:  A coronal loop subject to footpoint heating 
can be thermally unstable (Mok+ 1990, Antiochos & Klimchuk 1991, van der Linden & 
Goosens 1991, Wiik+ 1996, Antiochos+ 1999, Karpen+ 2001, Müller+ 2003-4, Mendoza-
Briceño+ 2005, Reale+1996-97, Mok+ 2008, Xia+ 2011)

5

Footpoint heating

Temperature ➘

Parker (1953), Field (1965), 
Goldsmith (1971), Hildner 
(1974), Heyvaerts (1974), 
Heasley & Mihalas (1976),…
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(McIntosh et al. 2012)

(1) Hot mass/Magnetic flux Up:  
•  Spicules, footpoint upflows, flux 
emergence (e.g., bubbles/plumes) 
(2) Cool mass down: 
• Prominences, Coronal rain 
•Mass flux: 1 - 5 × 109 g s-1

Return flows of chromosphere–corona Mass Cycle: 
prominence and coronal rain

6

Adapted from Wei Liu’s LWS talk

(Antolin&Rouppe v.d.Voort 2012, 
Liu+2012, Antolin+ 2015)
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 Limit cycles

7

Clara Froment  -  Observations and possible interpretations of very long period intensity pulsations in solar coronal loops                         5

!
Detailed study of one case 

✦   3-Jun-2012 to 10-Jun 2012 : more than 150 hours of observations 
✦   Pulsations observed in all 6 EUV bands  

  Clara Froment  -  Observations and possible interpretations of very long period intensity pulsations in solar coronal loops                         10

!
Cooling observations (3/4) 

!
✦   Time lag maps  (peak cross correlation values)

!
✦   Cooling observed in all the active region, not just in 
the pulsating region ! 
   
 A unique process of heating in the active region in 
a different mode in the pulsating region ? 
!
    A different process of heating where we detected 
long period intensity pulsations ? 
!
!
!

 Periodicity in the occurrence of coronal rain: link to heating parameters 
(geometry, spatial & temporal distribution of heating)

(Antiochos+ 1999, Karpen+ 2001, Müller+ 2003-4, Mendoza-Briceño+ 
2005, Antolin+ 2010, Susino+ 2010, Peter+ 2011, Mikiç+ 2013)

Limit cycles from thermal instability

Relation to coronal heating: variability

(Antolin+ 2010) Froment+ (2015): long 
period intensity pulsations 

in loops (2-16 hrs)

➡ Important information about the heating characteristics (and mechanisms) 
cf. Amy’s talk
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Relation to coronal heating: heating scales

8
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time
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=Strands may not evolve always independently 

➙ existence of coherent thermodynamic transverse scale: ~ 2 Mm

with random 
distribution in time

with random 
distribution in time

Antolin & Rouppe van der Voort (2012)
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Instrument !
& 

Wavelengths
Dataset

Spatial !
(& spectral)!
resolution

Cadence!
[sec]

Formation 
temperature!

[log K]

SST/CRISP 
Hα

1 0.14”!
(0.085 Å)

9 3.3-4.2

Hinode/SOT 
Ca II H

2 0.2” 4.8 4-4.2

IRIS/SJI !
Mg II 2796 Å

2 0.4” 36.5 4-4.2

IRIS/SJI !
C II 1330 Å

2 0.33" 36.5 4.3

IRIS/SJI !
Si IV 1400 Å

2 0.33” 36.5 4.8

SDO/AIA !
He II 304 Å

1 & 2 1.2” 12 5

SDO/AIA !
Fe IX 171 Å

1 & 2 1.2” 12 5.9

SDO/AIA !
Fe XII 193 Å

1 1.2” 12 6.2

Dataset 1: 26/06/2010, 10:03-11:40 UT, 
centred on AR 11084 at [-875”,-319"] 	

Dataset 2: 29/11/2013, 22:30-23:30 UT, 
centred on AR 11903 at [944”,264”] 

Case study: multi-wavelength observations

SST

SOT

AIA

IRIS 
& 

AIA

DATASET 1

DATASET 2

Antolin+ (2015, ApJ 806, 21)
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Loop 1Loop 2

Clumpy vs. continuous

The clumpy and 
sporadic character 

of the rain at 
coronal heights 

(C1&C2) becomes 
persistent & 

continuous at 
chromospheric 

(F1&F2) heights 
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Multi-stranded structure

strand-like 
structure

Multiple ripples next to large clumps: highly reminiscent of the MHD thermal mode 
(entropy mode) (Van der Linden & Goossens 1991). Characteristic sizes (widths & lengths) 
in rain may be defined by spatial structure of unstable modes (Field’s length)
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Cooling through TR lines

Progressive 
cooling from TR 
to chromospheric 
temperatures with 

a fast-slow two 
step behaviour

fast

slow

➡ Phase transition to 
optically thick states?

DATASET 2
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Multi-thermal and multi-stranded

Strong co-spatial emission in TR and chromospheric lines	

Differences in structure appear at the smallest scales: chromospheric to TR temperature 
transition must exist at scales below Iris resolution (0.33”)	

Strand-like structure extends to TR range
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Tip of the iceberg?

Significant difference in clump widths 
in AIA from TR to coronal 
temperatures (~0.5”) width of PCTR?	

!
Shape of width distribution is 
independent of temperature: sharp 
peak + long tail. Strong increase in 
clump numbers at lower temperatures 
but especially at higher resolution	


➡Tip of the iceberg scenario? (Antolin & 
Rouppe 2012, Fang+ 2013, Scullion
+2014)	

!
Lengths distribution is more random: 
reflects other factors at play 
(longitudinal) -> X. Fang’s poster	


!
Resolution & temperature intertwined

14 P. Antolin et al.

Table 1
Average values for both datasets

Instrument Dataset Width Length Blobs
& filter [arcsec] [arcsec] / min

CRISP - Hα 1 0.3 ± 0.093 3.85 ± 5.77 5.
SOT - Ca II H 2 0.61 ± 0.17 1.05 ± 0.51 9.7

SJI - 2796 2 0.8 ± 0.19 2.49 ± 1.97 2.6
SJI - 1330 2 0.7 ±0.15 1.75 ± 1.35 3.7
SJI - 1400 2 0.8 ±0.17 1.76 ± 1.26 4.6
AIA - 304 2 1.56 ±0.15 10.8 ± 6.5 2.2
AIA - 304 1 1.4 ±0.7 12.7 ± 9.2 1.2
AIA - 171 1 2.45 ±0.81 5.5 ± 5.2 1.2
AIA - 193 1 2.69 ±1.07 7.4 ± 4.6 1.2

Note. — Averages are calculated over all detected blobs in
both datasets. Row order is set according to increasing tempera-
ture. For dataset 1 the measurements are limited only to the rain
detected in loops 1 and 2. For dataset 2 the measurements are
limited to the loop shown in Fig. 8. While each measurement is
itself an average value over a large quantity (see section 2.3) and
therefore has its own standard deviation, the standard deviation
shown here for widths (lengths) is simply taken over the set of
blob widths (lengths). The last column provides the number of
blobs detected per minute for each dataset, which implies depen-
dence over the FOV over which this detection is carried. For the
SST, the detection is done over a small part of its FOV (roughly
5′′×17′′), which is much smaller than the FOV for the SDO data
of the same dataset (see Fig. 3). For Hinode the projected area
over which the the rain is detected is roughly twice that of SST.

the sense that runaway cooling due to the shape of the
optically thin loss function may occur locally in coronal
loops and continue uninterrupted down to chromospheric
temperatures, until heating from local sources overcome
the losses due to its own radiation. The completeness
of thermal instability is, however, not guaranteed and
depends strongly on the efficiency of the heating mech-
anisms and on thermal conduction. Mikić et al. (2013)
have shown that even changes in geometry play an im-
portant role in determining the aspect of this instability.
Furthermore, the spatial scales involved in the cooling
processes (for instance, the clumpiness and strand-like
structure of the rain) are directly related to the prop-
erties of the plasma and to the counter-acting heating
mechanisms, and may therefore reveal essential charac-
teristics of the heating processes.
Despite the close link between thermal instability and

coronal heating and therefore the importance of thermal
instability, we do not know how ubiquitous this instabil-
ity is in the corona and the details of its character (for
instance, whether it is complete or not). This is largely
due to the high complexity of the thermal instability in
strongly anisotropic plasmas such as the solar corona.
Recent observational studies over active regions indicate
a general tendency for cooling (Viall & Klimchuk 2012).
Although it is clear that not all the loops in an active
region are in a thermal non-equilibrium state and un-
dergo catastrophic cooling, it is important to estimate
what fraction of loops are.
The traditional picture of thermal instability implies

that coronal loops in a thermal non-equilibrium state
become progressively cooler, suggesting a time delay
between filters detecting emission at different temper-
atures. Such cooling progression throughout transition
region temperatures has previously been invoked to ex-
plain variations in EUV lightcurves (Foukal 1976, 1978;
Kamio et al. 2011; Kjeldseth-Moe & Brekke 1998; Landi

et al. 2009; O’Shea et al. 2007; Schrijver 2001; Tripathi
et al. 2009; Ugarte-Urra et al. 2009, 2006; Warren et al.
2007). However, the direct link to catastrophic cooling
has not been yet firmly established, since all of these
multi-wavelength observations do not include chromo-
spheric ranges. In this work we make the first steps in
this direction by linking commonly found intensity vari-
ations in EUV filters of SDO/AIA to the observational
imprint of catastrophic cooling, i.e. coronal rain observed
in chromospheric diagnostics.
We observe complete thermal instability with temper-

atures down to the chromospheric range. In Section 3
we show that EUV darkening is found to be associ-
ated to flows in AIA 304 and presents a continuous and
rather persistent character. Such AIA 304 flows are ob-
served along many of the loops within the active region
(dataset 1), part of which are captured towards the foot-
points in Hα by CRISP. The flows in AIA 304 appear
strongly correlated in space to the appearance of cool
chromospheric material in the loops observed in Hα,
which occurs in a more sporadical way. This suggests
that while the entire loop may be thermally unstable and
cooling, plasmas at transition region temperatures are
more widespread and common within the loop than plas-
mas at chromospheric temperatures. This is expected to
some extent due to the tendency of the plasma to keep
a uniform pressure distribution along the field (and the
fact that thermal instability entails a local loss of pres-
sure leading to small condensations).
Small EUV intensity perturbations are further strongly

correlated in time with the presence of Hα rain clumps.
Although sporadic, these clumps can come in series of
events and generate quasi-periodic EUV intensity vari-
ations on the order of a few minutes. In most cases,
these variations are found to be associated to groups of
chromospheric clumps which we have previously termed
‘showers’ (Paper 1), and span over a few arcseconds in
the transverse direction. Correlation between EUV dark-
ening and Hα has been extensively studied in the case
of prominences (Heinzel & Anzer 2006; Labrosse et al.
2010). For the EUV wavelengths of interest here, this
correlation is mainly due to continuum absorption from
neutral hydrogen, neutral helium and singly ionised he-
lium.

5.2. Multi-thermal character

The progressive cooling picture from thermal instabil-
ity also suggests a difference in emission with height. In
this picture, emission in Hα and at cooler wavelengths
is preferentially detected at low coronal heights. In the
middle panel of Fig. 17 we plot the averages of height
versus temperature for all detected clumps in datasets
1 and 2. The temperatures taken for the SJI and SOT
filters are those of maximum formation for the dominant
ions of each filter. Those for CRISP correspond to the
measured temperatures, shown in Fig. 6. Although not
strongly correlated, the plot suggests a slight temper-
ature decrease with height. Particularly, the very low
temperatures below 5000 K, even down to 2000 K or so,
for the Hα clumps detected with CRISP at the lower part
of the loops provides support to the cooling picture.
Through co-observation between IRIS and Hin-

ode/SOT we are able to follow for the first time the rapid
progression in the runaway cooling in thermally unsta-
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Main limiting factor: resolution	

Strand-like structure extends into TR range	


➡Existence of elemental structures?	

Does thermal instability may play a main role in 
the morphology

‣ MHD thermal mode (Field 1965, Van der Linden 
& Goossens 1991): seed for density 
enhancements in neighbouring loops	


‣ Flux freezing & high Alfvén speed: can affect 
plasma up- and downstream

Elemental scales 

significant improvement in resolution, no drastic 
temperature change: significant width change

same resolution, drastic temperature 
change: insignificant width change

Discussion

658 SHARMA, PARRISH, & QUATAERT Vol. 720
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Figure 5. Contour plots showing log10|B| (magnitude of the magnetic field strength; left) and log10|v| (magnitude of the velocity; right) for the fiducial run at 0.95 Gyr.
The arrows in the velocity plot show the direction of the velocity unit vector.
(A color version of this figure is available in the online journal.)

Figure 6. Mass (dM/d log10 T ; left) and volume (dV/d log10 T ; right) fractions occupied by plasma of a given temperature T for the fiducial run (MWC) at different
times. The normalization is such that the total mass/volume under the curve is unity. The initial cooling time is ≃0.1 Gyr and the simulations begin to saturate after
≃0.8 Gyr. The hottest plasma in the box becomes hotter with time.
(A color version of this figure is available in the online journal.)

hottest plasma becomes hotter with time and the conductivity
is a strong function of temperature (Equation (11)), it becomes
difficult to run the simulations for long times.

4.2. Simulations with Isotropic Thermal Conduction

To assess the importance of including anisotropic thermal
conduction, we carried out simulations identical to the fiducial
run in every way except that the conductivity is isotropic at
the Spitzer value (MWIC in Table 2). Figure 7 shows the
temperature contour plots at 0.475 Gyr (left panel) and 0.95 Gyr
(right panel). In the linear state the modes are isotropic and
on relatively large scales, irrespective of the magnetic field
direction. By contrast, with anisotropic conduction, the cold
plasma is filamentary even in the linear state (Figure 4).2

2 The Field length perpendicular to the magnetic field is much smaller in the
simulation with anisotropic conduction than in the simulation with isotropic
conduction. This is why there is much more small-scale structure, and more
cold “filaments,” in Figure 4 than in Figure 7. In addition, because we initialize
power primarily at ≈0.8 kpc (Section 2.3), the amplitude of the initial
perturbations that can actually grow (! the Field length) is larger in the
simulation with anisotropic conduction. These perturbations thus evolve
somewhat more rapidly.

Nonlinearly, the orientation of the cold plasma in simulations
with isotropic conduction is unrelated to—or even somewhat
perpendicular to (see the dotted line in Figure 8)—the local
magnetic field direction, unlike in simulations with anisotropic
conduction, where the filaments develop along the magnetic
field (Figure 4). Although the morphology of the cold gas is
different in the two cases, the evolution of the phase structure is
qualitatively similar; there is significant mass in the cold phase,
but the volume is dominated by the hot phase. The differences
between Figures 4 and 7 emphasize the critical importance of
including anisotropic thermal conduction when studying the
thermal physics of galaxy cluster plasmas.

4.3. Convergence of Two-dimensional Simulations

As described previously, in multi-dimensional simulations,
the Field length must be resolved both along and perpendicular
to the direction of the magnetic field in order for the numerical
results to converge. Figure 9 shows temperature contour plots
at 0.95 Gyr for runs including perpendicular conduction, with
2048 and 512 grid points, respectively. The temperature contour
plots are reasonably similar, and are similar to the results for

No. 1, 2010 THERMAL INSTABILITY WITH ANISOTROPIC THERMAL CONDUCTION 657

Figure 3. Temperature profiles for one-dimensional simulations with conduction
at t = 1.43 Gyr for different resolutions: HWCll (256), HWCl (512), HWC
(1024), and HWCh (2048). Convergence is achieved for > 512 grid points.

majority of the cold filaments are oriented along the direc-
tion of the local magnetic field even in the nonlinear regime.
Some of the filaments at 0.95 Gyr are quite small and relatively
isotropic because of small and nearly isotropic conduction in
the cold phase. However, at later times (e.g., 1.425 Gyr) the
small filaments coalesce to form large ones. The nonlinear de-
velopment of the thermal instability proceeds in two phases:
in the first phase nonlinear filaments aligned along field lines
condense from the hot ICM, becoming shorter in time because
of a smaller conductivity in the cold phase; in the second stage
these cold filaments with large velocities (primarily along them-
selves) merge to form longer filaments. This is clearly seen in
Figure 11 as an increase in L∥/L⊥ after an initial dip at ∼1 Gyr.

Figure 4 shows that the direction of the magnetic field is
only moderately perturbed from its initial direction even in the
fully nonlinear regime. However, the magnetic field strength
increases by a factor of !3–8 in the cold filaments (see the left
panel of Figure 5), to the point where the magnetic pressure
is important in the filaments. The regions over which the
field is enhanced are coincident with, but significantly longer
than, the location of the cold filaments. The field enhancement
occurs via flux freezing as the cooling plasma is compressed
perpendicular to the initial field direction in the nonlinear state

of the thermal instability; analogous compression along the field
lines is suppressed because of thermal conduction. In the hot
diffuse gas between the filaments, the magnetic field decreases
by a factor ≃2–3 from its initial value of ≈ 5 µG. Note that
for a realistic cooling function, the density contrast between the
filaments and the diffuse medium will be larger than is found in
our simulations, and so the magnetic field compression in the
filaments will also be stronger.

The right panel of Figure 5 shows that the velocities driven
by the thermal instability can reach 30–100 km s−1, comparable
to the sound speed in the cold filaments, but much less than the
sound speed in the hot phase. Such high velocities can disrupt
the tendency of buoyancy instabilities in the hot phase of the
ICM to reorient the magnetic field (e.g., Sharma et al. 2009b;
Parrish et al. 2010). The high velocities are spatially coincident
with the magnetic field enhancements and the cold filaments.
The velocity vectors generally point toward the cold filaments in
the hot phase, showing that mass from the hot thermally unstable
medium is condensing into the cold phase. This flow of mass
is, however, transient. The thermal instability reaches a steady
state in which cooling from the dense, cool ICM is balanced by
conductive heating from the hot ICM, which is in turn heated
(artificially) by our external heat source H (t) in Equation (4).
Once this steady state is established, mass flow between the
phases is significantly reduced. Although mass flow across the
phases is reduced, the cold filaments retain large velocities along
themselves and the volume-averaged velocity is ∼20 km s−1

(see the right panel of Figure 11 discussed later).
Nonlinearly, the plasma exists in two phases, with very little

plasma at the intermediate temperatures. Figure 6 shows the
mass (left panel) and volume (right panel) distribution of plasma
at different times for the fiducial run. The plasma is at ≈107 K
initially but evolves into a two-phase structure. The phase
structure evolves rapidly at early times (before ∼1 Gyr), but
the evolution is slower at later times. The mass and volume
occupied by the plasma at intermediate temperatures decrease
in time. The “mass dropout rate,” (i.e., the rate at which plasma
cools below a given temperature) at 107 K is large initially, but
once a two-phase medium is established, the mass and volume
of the hot and cold phases are roughly constant in time, with very
little mass dropout. While there is significant mass in the cold
filaments, most of the volume is occupied by the hot phase (see
fm and fV in Table 2). The hottest plasma in the domain slowly
becomes hotter with time in the two-dimensional simulations;
by contrast, in one dimension the plasma reaches a steady state
at 1.43 Gyr (Figure 2). It takes longer to reach a quasi-steady
state in two dimensions because it is easier for hot isothermal
regions to become thermally isolated from the cold plasma
(because of the small perpendicular conductivity). Since the
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Figure 4. Contour plots of log10 temperature (in keV) for the fiducial run (MWC) at linear (0.475 Gyr; left) and nonlinear (0.95 Gyr, center; 1.425 Gyr, right) stages
of the instability. The arrows show the magnetic field direction.
(A color version of this figure is available in the online journal.)

Sharma+ (2010) for interstellar medium

r Br

B�
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Conclusions (1/2)

Thermal instability in the solar corona: strongly link to heating mechanisms!
• Observed EUV common variability linked to catastrophic cooling (Froment’s 

talk)!
• Persistent redshifts (clumpy structure becomes continuous at low heights)!
• Multi-temperature phenomenon: chromospheric & TR emission!
• Fast-slow 2-step cooling transition observed: phase transition to thick regime?!
• Multi-stranded structure in TR and chromospheric lines: strong inhomogeneity 

where chromospheric to TR temperatures occurs at <0.3”!
• Significant increase of number at higher resolution. Tip of the iceberg scenario? !
• Elemental strand-like structure of effect from thermal instability? (MHD 

thermal mode? pinching from flux freezing?)

16
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Observations of Alfvénic MHD waves !
in the solar atmosphere

Transverse MHD waves ubiquitous in the solar atmosphere   

CoMP

➙ small amplitude (~km/s), few min periods

Tomczyk et al. 2007

The torsional time scales stand in sharp contrast
to the longer time scales (several minutes) and
smaller line-of-sight velocities in plage regions
(Fig. 2B), where the line of sight is more aligned
with the magnetic field and the line profiles are
dominated by magnetoacoustic shocks (25).
SJIs taken with IRIS (Fig. 3 and movies S8 to

S10) also show how the propagating torsional
motions are often associated with bright, highly

dynamic linear features (C II 1335 Å and Si IV
1402 Å); this emission indicates heating to at least
TR temperatures (20,000 to 80,000 K). In quiet
Sun regions, these SJI features appear to be the
TR counterparts of so-called rapid-blue-shifted
and rapid-red-shifted events in the chromosphere,
the disk counterparts of spicules (26). Many of the
TR features IRIS observes in quiet Sun regions
are associated with twisted features, indicating

that the heating we observed is substantial. Some
of these events are also visible in coronal pass-
bands (movie S7), although it is not yet clear how
much plasma is heated to coronal temperatures
in association with these heating events (12).
Our observations of twist that permeates the

chromosphere and the TR of the Sun expand on
a picture that has recently emerged that draws
together disparate observations of twist in the

SCIENCE sciencemag.org 17 OCTOBER 2014 • VOL 346 ISSUE 6207 1255732-3

Fig. 3. Temporal
evolution of twist and
associated heating.
SST Ha dopplergrams
at T46 km/s (bottom;
black is blue-shifted;
white is red-shifted)
show how quickly
chromospheric twist
propagates along
elongated features on
time scales of less than
1 min. Several of these
twisted features are
associated with TR
signals (top) as
observed with the IRIS
SJIs that are dominated
by Si IV lines (~80,000 K).
Movies S8 to S10
provide further examples
of the dynamic nature of
the twist and associated
heating. t indicates time.
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Fig. 2. Spatiotemporal
properties of twist.
Rapidly evolving
twisting motions are
apparent as short-
lived, bright features in
the blue and red wings
(e.g., around T50 km/s)
of the chromospheric
Mg II h 2803-Å spectral
line (C and D) in
regions of inclined field
[positions 2 and 3
shown in (A), Si IV
1403-Å SJI]. These
motions are in contrast
to the acoustic shock–
dominated spectral
profiles (B) in position
1 in plage (where field
and line of sight are
more aligned,
preventing visibility of
twist) that evolve on
time scales of several
minutes (25). The
spatial pattern of the
bright Si IV feature around –190″, –207″ [position 2 in (A)] is associated with short-lived twisting motions that are visible in Si IV [80,000 K (G)], in Mg II h
[10,000 K (F)], and faintly in Ha [<10,000 K (E); see movies S5 to S7]. Velocities of order 50 km/s are reached in this twisting feature. Typical velocities
are lower (10 to 30 km/s) with visibility in these various passbands variable; Mg II h showed excellent visibility in most cases. See supplementary
materials for other examples (figs. S7 and S8) and movies S5 to S19 and S21.
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(Tomczyk+ 2007, Okamoto+ 2007, De Pontieu+ 2007, Lin 2011, McIntosh+ 2011, Morton+ 2011, Antolin & Verwichte 2011, Okamoto & 
De Pontieu 2012, Hillier+ 2013, Schmieder+ 2013, Morton & McLaughlin 2014, De Pontieu+ 2014, Anfinogentov+ 2013, Nisticó+ 2013)

Large-scale corona Coronal loops & 
prominences Chromosphere 

Okamoto et al. 2007

Antolin & Verwichte 2011
De Pontieu et al. 2014

McIntosh et al. 2011
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+ 
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SDO

Skogsrud et al. 2014

What is the role of such waves in the solar atmosphere?
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IRIS/Hinode observations
Okamoto et al. (2015,accepted), Antolin et al. (2015, accepted)

• 9-11 UT, 19 October 2013!
• 4-step sparse raster!
• SJI - Si IV & Mg II (10 s), SG (20 s)

• Ca II H filtergrams at 0.2” res.!
• Cadence: 8 sIR

IS

SO
T

18
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IRIS/Hinode observations

• Thread-like structure!
• Transverse oscillations!
• Signatures of damping!
• Strong transverse coherence 

in the plane-of-the-sky (POS) 
motion and the line-of-sight 
(LOS) velocity

19

Hinode/SOT

IRIS/SG



Loops VII  2015Patrick Antolin

IRIS/Hinode observations

10,000 km

a  Ca II H

b  Si IV

c  Mg II k

d  Fe IX

S2

S3S1

S4

Fig. 3
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• 90°-180° phase difference 
between displacement in POS 
and LOS velocity!

• Heating from chromospheric to 
TR temperatures!

• Thread-like structure

Okamoto et al. (2015, ApJ accepted)
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Prominence thread

Alfvén 
wave

Transverse 
MHD  wave

wave 
amplitude
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Resonance between Alfvén & 
transverse MHD wave

Resonant absorption

22

Ionson 1978, Hollweg+ 1990, Sakurai+ 1991, Goossens+ 1992, 2002, 2012; Van Doorsselaere+ 
2004, Arregui+ 2008, 2011; Verth+ 2010, Soler+ 2010, 2012; Pascoe+ 2010, 2012



Resonant absorption

Time
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Resonant absorption transfers energy from transverse 
wave to azimuthal motion in thin resonant layer

The drift of phase speed across the thread 
generates an increasing phase difference between 

the transverse and azimuthal motion

Prominence 
thread

transverse motion

Problems:  - resonant layer is too small in order to detect the azimuthal flow !
- efficient for mode conversion but inefficient for heating (phase mixing)

azimuthal motion

dipole-like flow

dipole-like flow

resonant  

flow

resonant  

flow

‣ Very successful in explaining observed fast and frequency dependent damping 
(Nakariakov+1999, Verth+ 2010, Arregui & Ballester 2011)
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Numerical model

parameters coronal 
loop

prominence spicule

             [K] 1/3, T 1/100, !
T

1/100, !
T

           [cm 3, !
𝝆

10, !
𝝆

50, !
𝝆

B [G] 22.8 G 18.6 G 14.5 G

c 1574 776 255

               [s] 525 256 245

0.02 0.001 0.01

  [R] 0.2-0.8 0.4 0.4

⇢i
⇢e

, ⇢i

Ti

Te
, Ti

P ⇡ 2L

ck

• 3D MHD simulations of a flux tube oscillating with the kink mode. CIP-MOCCT 
code (Kudoh et al. 1999) with constant resistivity and viscosity!

• Grid (x,y,z): (512, 256, 100) - (1024, 512, 100) !
• Initial condition: sinusoidal velocity perturbation in x-direction

x

y

Be Be

R

�i�
Ti�

pi

�e�
Te�

pe!

90° LOS

45° LOS

0° 
LO

S
oscillation axis

R = 1 Mm

L = 200 R

k =
⇡

L
⇡ 0.015

Amplitude: 
<15 km/s

S,R ⇡ 104 � 107

- Optically thin: FoMo (Antolin & Van 
Doorsselaere 2013)!

- Optically thick: RH (Uitenbroek 2011)
https://wiki.esat.kuleuven.be/FoMo

Forward modelling

`

�i

spicule 
model

transition region

24

https://wiki.esat.kuleuven.be/FoMo


Two mechanisms combined
Half 

prominence 
thread

Density cross-sections

Azimuthal flow inside 
the thread is due to 

resonant absorption

Flow generated by transverse 
+ azimuthal motion triggers 
an instability: turbulence is 

generated
magnetic 
field lines

Model: Uchimoto+. 1991; Karpen+ 1993, Ofman+ 1994; Ziegler & Ulmschneider 1997; 
Terradas+ 2008, Soler+ 2010; Obs: Foullon+ 2011; Ofman & Thompson 2011, Berger+ 2010).
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Resonant absorption & 
onset of K-H instability

• Onset of instability ~ 1-3 P
v0
vAi

>
⇡

m
p
2

R

L

r
1 +

⇢i
⇢e

26

v~14 km/s,  l/R ~ 0.4
P = 255 s, Amp = 414 km

Coronal 
model

P = 515 s, Amp = 711 km

Prominence 
model

v~8 km/s,  l/R ~ 0.4

• KHI vortices obtain momentum from resonant layer!
• Non-uniform boundary layer widens, apparent 

mixing of plasma (Fujimoto & Terasawa 1994)!
• Multiple vortices & current sheets (Ofman 1994, 2009)

Prominence 
model

X: T > 1.01 x 106 K
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Braiding

• Vortices degenerate into turbulence, producing twisted current sheets which 
may be preferential locations for reconnection

27

Isocontour of |j|
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Vortices (and turbulence) are generated by the 
Kelvin-Helmholtz instability. A similar instability 

generates waves in the ocean

Density snapshots “The great wave off Kanagawa” by Hokusai (1830)

The role of the instability

28

The instability couples with resonant absorption to: !
•Heat the thread significantly !
•Enlarge the azimuthal flow from the resonance: 

IRIS is able to detect it

Time
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Forward 
modelling

Fine strand-like structure in the corona from MHD transverse oscillations 3

a value within 7 % of that predicted by linear theory from
resonant absorption e↵ects. Fig. 2 shows the time evolu-
tion of the oscillation. The small perturbation generates
nonlinear e↵ects that can be appreciated at times close
to maximum displacement, as slight deformations of the
loop’s cross-section. This can be seen in the first col-
umn of Fig. 2. After a time t ⇡ 1.5 P (second column
of Fig. 2), where P is the period of the standing wave,
the Kelvin-Helmholtz instability sets in. The instabil-
ity is generated by strong shear velocities close to the
top and bottom boundaries, as shown by the longitudi-
nal component of the vorticity in the third row of Fig. 2.
These shear motions are fueled by the resonant absorp-
tion mechanism, which converts the energy from the kink
mode into azimuthal flows at the boundary layer. Ac-
cordingly, the amplitude of the shear motions near the
boundary is roughly maintained over time as the global
kink mode damps. A linear analysis of our model pre-
dicts the first unstable mode to have an azimuthal wave
number of m = 2, which grows at a rate of 0.23 P . This
is however an upper limit for the length scale of the insta-
bility and the dominant wavenumber usually has smaller
length-scales due to nonlinear e↵ects. From the 3rd col-
umn of Fig. 2 we can see the formation of 8 eddies around
the loop boundary, 4 at each shear layer, corresponding
to an azimuthal wavenumber of m = 3, hence not far
from the theoretical prediction.
The formation of the Kelvin-Helmholtz in these low

velocity amplitude scenarios can be easily understood
from the instability condition. Assuming a zero bound-
ary layer width and no twist for the magnetic field, the
shear in the flow has to satisfy the following condition:

�v

2
> v

2
A,ti(

⇢i

⇢e
+ 1) + v

2
A,te(

⇢e

⇢i
+ 1), (1)

where vA,ti (vA,te) denotes the internal (external) trans-
verse component of the Alfvén speed close to the bound-
ary layer. Replacing by values in the model described
above, we have �v & 0.8 km s�1, which is easily satis-
fied for even the low amplitude model with initial kink
amplitude of 3 km s�1.

3.2. Formation of current sheets

After a few periods of oscillation the original trans-
verse oscillation can barely be detected anymore, and
most of the dynamics have turned azimuthal, concen-
trated around the inhomogeneous boundary layer. This
e↵ect has been well described by resonant absorption the-
ory in which a coupling between the kink and the Alfvén
modes is established (Goossens et al. 2002, 2012; Pascoe
et al. 2010, 2012). The resulting ‘Alfvénic’ oscillations
can be well seen in the vorticity maps (y component)
of Fig. 2. As seen in the figure, as time progresses the
Kelvin-Helmholtz instability significantly distorts the in-
homogeneity layer, spreading the Alfvénic oscillations to
increasingly larger portions of the loop’s cross-section.
One of the main e↵ects of the instability is to generate
very fine density structure together with ubiquitous ve-
locity sheared regions. This fine small scale structure can
be significantly dense. The generated eddies protruding
from the loop can be observed as distinctive emission fea-
tures at the edges of the loop, as shown by the first row
panels of the figure. Furthermore, as shown in the bot-
tom row of Fig. 2, these regions result in small-scale cur-

rent sheets around the flux tube boundary since velocity
shear regions imply shearing of the transverse magnetic
field components.

Fig. 3.— Snapshots of the emission line flux of Fe IX 171.073 Åfor
two small amplitude models considered, 3 km s�1 (right panel) and
15 km s�1 (left panel). Only the first half of the loop is shown. The
times of the snapshots are t = 654 s for the 15 km s�1 amplitude
model, and t = 1410 s for the 3 km s�1 amplitude model.

3.3. Strand-like structure

Fig. 3 shows a snapshot of the emission flux in
Fe IX 171.073 Å, G171(T, n)⇢2, where T , n and ⇢ are
the temperature, electron density and mass density, and
G171(T, n) is the contribution function calculated assum-
ing a coronal abundance. The left and right panels cor-
respond, respectively, to the 15 km s�1 amplitude model
at a time t = 654 s and the 3 km s�1 amplitude model
at a time t = 1410 s. As shown in the top row of Fig. 2,
we can see that for both cases, the eddies generated by
the Kelvin-Helmholtz instability can be observed as dis-
tinctive emission features at the edges of the loop, which
exist over a wide range along the loop (here half the loop
is shown), implying that the velocity shear threshold for
the instability condition is satisfied over most of the loop.
The decrease of intensity along the loop in the higher ve-
locity amplitude case is just an apparent e↵ect, and is
due to the generation of small-scale high density struc-
ture, which ends up having a higher emission line flux
than the central part of the loop.
In Fig. 4 we show the Fe IX 171.073 Å intensity for

the 15 km s�1 amplitude model, obtained by integrat-
ing the emission line flux along specific line-of-sights for
the same time in the simulation as that of Fig. 3. We
choose 3 di↵erent angles, 0�, 45�, and 90�, where the
line-of-sight ray is in a plane perpendicular to the axis of
the loop and where 0� corresponds to a view perpendic-
ular to the oscillation direction. For better comparison
with observations we show the e↵ect of spatial resolution
by applying a Gaussian filter around each intensity pixel
with a FWHM equal to 0.1 R. The figure shows that
the eddies generated by the Kelvin-Helmholtz instability

• Protruding eddies appear as distinct 
emission features!

• Eddies  <-> roll-ups in 3D!
• Shuffling of field lines: twisting and 

possible braiding of loops from 
magnetic reconnection (Lapenta & 
Knoll 2003)!

• Widening of boundary layer does 
not show up in emission line flux: 
constraint for seismology estimates 
(Soler et al. 2014)

v < 15 km/s v < 3 km/sl/R ~ 0.4

for coronal model

29
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Strand-like structure

• Roll-ups (eddies) along the loop + fine scale+ line-of-sight effects                 
➙  strand-like or thread-like structure in intensity images!

     ➙ KHI vortices <—> prominence threads?!
• Lifetime for 1 strand ~ 1 period. Widths: 0.01 R - 0.5 R!
• Apparent crossing of strands/threads

v < 15 km/s, l/R ~ 0.4 Coronal model

Prominence model

Hinode/SOT
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Prominence modelling
• Emission comes mostly from 

ring, mostly optically thin. 
The prominence core is 
optically thick in Mg II h&k 
(temperature effect due to 
LTE formation)

Forward modelling of Mg II h & k and Ca II H & K with RH code

Supplementary Figure S2 : Source function in Mg II k 2796.35 A (left panel) 
and Ca II H (line center) for a cross-section of the tube along the tube’s centre. 
The yellow curves correspond to contour lines for different values of the 
optical thickness (!, stated in the legends) as seen from the top (as indicated 

by the arrow).  
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Resonant flow is  visible to IRIS
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Spectral signatures
Slit

Resonant absorption 
& Phase mixing

• Azimuthal flows with torsional 
character (m=1 torsional Alfvén 
waves) are created around the 
boundary due to resonant 
absorption!

• Out of phase behaviour between 
azimuthal flows (Doppler 
component) and transverse flows 
(plane-of-the-sky component)

32
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Mg II k Intensity (~ 104.2 K) 

Observational signatures
45° LOS plane

Si IV (~ 105 K)

Mg II k Doppler velocity

fading & 
thinning in 

chromospheric 
lines

appears in TR 
lines, broadened

LOS velocity 
out-of-phase 

with POS motion

Thread-like structure

33

Mg II k Line width Line 
broadening at 

edges, stronger 
in TR lines
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逸させる方法として、「共鳴吸収」「位相混合」「サイクロトロン共鳴」などの物理過程が考えられて
いますが、観測的に捉えることは困難とされてきました。「ひので」は空間分解能力が高く、微細
な構造の動きを世界最高レベルで捉えることができますが、観測できるのは上下方向の動きの
みで、奥行き方向の動き（我々に近づいたり遠ざかったりする方向）はわからず、アルヴェン波の散
逸に関連する決定的な物理情報を得ることができません。

そこで今回、「ひので」に加え、2013年に打ち上げられた NASA の太陽観測衛星「IRIS」を用い
て、散逸過程の解明に迫りました。「IRIS」は、「ひので」の観測を踏まえて提案・開発された衛星
で、「ひので」と同等の空間分解能力で紫外線の分光観測を行います。これにより、奥行き方向の
動きを捉えることができ、「ひので」による上下方向の動きと組み合わせることで、太陽大気の運
動を詳細に調べることが可能となりました。

2013年10月19日、両衛星による共同観測を実施し、 コロナ中に浮かぶプロミネンスのデータ
を取得しました。「ひので」の観測からは、プロミネンスを構成する磁力線の上下振動が複数検出
されましたが、その振動箇所における奥行き方向の運動は、通常想定される振動パターンとは異
なったものでした。通常の振動パターンとは、上下振動の最上点と最下点で速度ゼロ、中心位置
で速度最大となるものを指しますが、今回観測されたものは最上点と最下点で最大速度、中心
位置で速度ゼロとなるものでした。

我々は、この特異な動きは「共鳴吸収」による波動散逸の結果ではないかと考えました。そこで、
波動に伴うプロミネンス振動の 3次元シミュレーションを実施し、磁力線の動きを再現しました。
このシミュレーションから、磁力線の振動エネルギーの一部は共鳴吸収により磁力線表面の運動
に変換され、その結果として振動が徐々に減衰していくことがわかりました。また、疑似観測デー
タを作ると、上下振動に対する表面運動のパターンが、観測された奥行き方向の動きに対応する
ことが明らかになりました。よって、観測された振動パターンは、共鳴吸収に伴う磁力線の表面運
動と解釈できます。また、この運動は磁力線表面に無数の小さな渦を作り、その渦がエネルギー

Motion of prominence plasma crossing the slit

Time (sec)

D
oppler velocity (km

/s)

D
is

pl
ac

em
en

t (
km

)

Mg II k intensity - Resolution = 0.1R

      

-3

-2

-1

0

1

2

3

(p
er

p.
 to

 L
O

S)
/R

Mg II k intensity - Resolution = 0.1R

      

-3

-2

-1

0

1

2

3

(p
er

p.
 to

 L
O

S)
/R

Si IV 1402.77 intensity - Resolution = 0.3R

0 500 1000 1500 2000 2500
Time [sec]

-3

-2

-1

0

1

2

3

(p
er

p.
 to

 L
O

S)
/R

Si IV 1402.77 intensity - Resolution = 0.3R

0 500 1000 1500 2000 2500
Time [sec]

-3

-2

-1

0

1

2

3

(p
er

p.
 to

 L
O

S)
/R

LOS Mg II velocity - Resolution = 0.3R

      

 

 

 

 

 

 

 

LOS Mg II velocity - Resolution = 0.3R

      

 

 

 

 

 

 

 

LOS Mg II velocity at slit position

0 500 1000 1500 2000 2500
Time [sec]

 

 

 

 

 

 

 

-10

-5

0

5

10

[k
m

/s
]

45o Line-of-sight plane ObservationsSimulations

0.3 R0.1 R

0.5 R 1.0 R

Okamoto+ (2015, accepted) Antolin + (2015, accepted)

0.3 R

Mg II k intensity - Resolution = 0.5R

      

-4

-2

0

2

4

(p
er

p.
 to

 L
O

S)
/R

Mg II k intensity - Resolution = 0.5R

      

-4

-2

0

2

4

(p
er

p.
 to

 L
O

S)
/R

Si IV 1402.77 intensity - Resolution = 1.0R

0 500 1000 1500 2000 2500
Time [sec]

-4

-2

0

2

4

(p
er

p.
 to

 L
O

S)
/R

Si IV 1402.77 intensity - Resolution = 1.0R

0 500 1000 1500 2000 2500
Time [sec]

-4

-2

0

2

4

(p
er

p.
 to

 L
O

S)
/R

LOS Mg II velocity - Resolution = 1.0R

      

 

 

 

 

 

LOS Mg II velocity - Resolution = 1.0R

      

 

 

 

 

 

LOS Mg II velocity at slit position

0 500 1000 1500 2000 2500
Time [sec]

 

 

 

 

 

-10

-5

0

5

10

[k
m

/s
]

45o Line-of-sight plane

0.5 R

1 R

1 R

34

Simulated Hinode intensity map

400 600 800 1000 1200 1400 1600
Time [sec]

-3000

-2000

-1000

0

1000

2000

3000

[k
m

]

Simulated Hinode intensity map

400 600 800 1000 1200 1400 1600
Time [sec]

-3000

-2000

-1000

0

1000

2000

3000

[k
m

]

-10

-5

0

5

10

Si
m

ul
at

ed
 IR

IS
 D

op
pl

er
 s

ig
na

l 
fo

r 4
5o  L

O
S 

[k
m

/s
]

S. Anfinogentov et al.: Persistent kink oscillations

Fig. 1. Left: snapshot of the AR NOAA 11654 from SDO/AIA at 171 Å. The analysed loops are labelled with different colours and by increasing
numbers.The solid circle on the loops with numbers mark the position of the slits where time-distance maps have been extracted. Right: a view
from STEREO/EUVI-A at 195 Å of the active region of interest. The red meridian marks the limb position as seen from the SDO (or Earth)
perspective.

Table 1. Parameters of transverse loop oscillations.

Loop Slit number Length Slit position Amplitude [ξ] Period [P] Velocity amplitude [v] Time
[Mm] [Mm] [Mm] [s] [km s−1] [hh:mm]

1 20 438 131 (30 %) 0.13 272 1.5 00:29
2 47 447 185 (41 %) 0.24 480 1.5 02:03
2 54 447 228 (51 %) 0.30 620 1.5 05:50
3 34 445 173 (39 %) 0.12 548 0.7 02:02
3 47 445 227 (51 %) 0.39 512 2.4 01:55
3 54 445 254 (57 %) 0.14 384 1.1 00:37
4 41 215 85 (39 %) 0.21 259 2.6 01:29
4 51 215 96 (45 %) 0.23 323 2.2 01:56
4 51 215 96 (45 %) 0.19 262 2.2 04:19
4 51 215 96 (45 %) 0.36 266 4.2 04:10

Notes. Estimated oscillation parameters. The loop number corresponds to the loops marked in Fig. 1. The second column shows the number of the
slit where the oscillations are most evident. The loop length is given in the third column. The distance between the slit and the western footpoint
of the loop is shown in the fourth column. The fifth and six columns give the displacement amplitude and the oscillation period, respectively. The
estimated velocity amplitude is provided in the sixth column. The last column gives the start time of the analysed oscillation.

The positions of the loop edges determined by this method are
marked with red dots in Fig. 3. The loop edge positions were
then fitted with a sine function to obtain its periods and am-
plitudes with the CURVEFIT function. The fitted oscillations are
shown with white lines in Fig. 3.

The measured oscillation parameters are presented in
Table 1. The displacement amplitudes of the oscillations are
found to be below 1 Mm in all cases. The periods range be-
tween 260–620 s (4−11 min). If one considers the displacement
to follow the simple harmonic pattern, ∼ξ sin(2πt/P), where ξ
is the displacement amplitude and P is the period, then the time
derivative of this dependence gives the velocity amplitude of the
oscillation, 2πξ/P. For the observed periods and displacements,
the velocity amplitude ranges from 0.7 to 4.2 km s−1 for different

loops. This value is consistent with the previous estimate, for in-
stance about 30 km s−1 in Tomczyk et al. (2007), 5 km s−1 in
McIntosh et al. (2011), and 1.6 km s−1 in Tian et al. (2012).

3.2. Cross-correlation analysis

The determination of the oscillation phase at different segments
of the loops allows us to assess whether the oscillations are
standing or propagating, and to distinguish between the fun-
damental (also called global) mode (with the highest perturba-
tion at the loop apex) and the second longitudinal harmonic
(with a node at the loop apex and two anti-phase maxima in
the loop legs). This requires measuring the phase delay between
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Fig. 3. Time-distance maps for the analysed loops at different positions (slit number) along the loop paths. The most noticeable oscillations were
fitted with a sine function to define their parameters. Red dots indicate the positions of the loop edge estimated by the Gaussian fitting to the partial
derivative of the time-distance plot in transverse direction. The white lines show the best-fitting sinusoidal functions.

harmonic oscillator. The period of the natural oscillation can be
estimated as 2L/CK, where L is the loop length and CK is the
kink speed determined by the Alfvén speeds inside and outside
the loop. The observed fact that different loops oscillate with
different periods are consistent with this interpretation. The ob-
served variation of the oscillation period of the same loop in
different time intervals can be attributed to the slowly varying
evolution of the loop, for example an increase or decrease in
the plasma density that affects the Alfvén speed. Also, longer
loops not necessarily have longer periods of kink oscillations,
because the top of a longer loop can be situated higher in the
corona (accounting for the effect of the loop plane inclination
with respect to the surface of the Sun) where the density is lower

and hence the kink speed higher. The non-resonant continuously
operating driver can be attributed, for example, to the granulation
or super-granulation motions that excite the kink oscillations at
the loop footpoints. Theoretical analysis of the excitation of nat-
ural oscillations by the random motion of footpoints shows its ef-
ficiency (e.g. De Groof & Goossens 2000). A similar behaviour
can occur in the case of the periodic shedding of Alfvén vortices
(e.g. Nakariakov et al. 2009). The observed life-time of the os-
cillations is likely to be determined by the observational condi-
tions instead of any physical damping. However, the balance be-
tween the driving and damping is a necessary ingredient of this
model (see Nisticò et al. 2013, for discussion). The oscillations
can be damped by resonance absorption, for instance. Despite
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Fig. 3. Time-distance maps for the analysed loops at different positions (slit number) along the loop paths. The most noticeable oscillations were
fitted with a sine function to define their parameters. Red dots indicate the positions of the loop edge estimated by the Gaussian fitting to the partial
derivative of the time-distance plot in transverse direction. The white lines show the best-fitting sinusoidal functions.

harmonic oscillator. The period of the natural oscillation can be
estimated as 2L/CK, where L is the loop length and CK is the
kink speed determined by the Alfvén speeds inside and outside
the loop. The observed fact that different loops oscillate with
different periods are consistent with this interpretation. The ob-
served variation of the oscillation period of the same loop in
different time intervals can be attributed to the slowly varying
evolution of the loop, for example an increase or decrease in
the plasma density that affects the Alfvén speed. Also, longer
loops not necessarily have longer periods of kink oscillations,
because the top of a longer loop can be situated higher in the
corona (accounting for the effect of the loop plane inclination
with respect to the surface of the Sun) where the density is lower

and hence the kink speed higher. The non-resonant continuously
operating driver can be attributed, for example, to the granulation
or super-granulation motions that excite the kink oscillations at
the loop footpoints. Theoretical analysis of the excitation of nat-
ural oscillations by the random motion of footpoints shows its ef-
ficiency (e.g. De Groof & Goossens 2000). A similar behaviour
can occur in the case of the periodic shedding of Alfvén vortices
(e.g. Nakariakov et al. 2009). The observed life-time of the os-
cillations is likely to be determined by the observational condi-
tions instead of any physical damping. However, the balance be-
tween the driving and damping is a necessary ingredient of this
model (see Nisticò et al. 2013, for discussion). The oscillations
can be damped by resonance absorption, for instance. Despite
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fitted with a sine function to define their parameters. Red dots indicate the positions of the loop edge estimated by the Gaussian fitting to the partial
derivative of the time-distance plot in transverse direction. The white lines show the best-fitting sinusoidal functions.

harmonic oscillator. The period of the natural oscillation can be
estimated as 2L/CK, where L is the loop length and CK is the
kink speed determined by the Alfvén speeds inside and outside
the loop. The observed fact that different loops oscillate with
different periods are consistent with this interpretation. The ob-
served variation of the oscillation period of the same loop in
different time intervals can be attributed to the slowly varying
evolution of the loop, for example an increase or decrease in
the plasma density that affects the Alfvén speed. Also, longer
loops not necessarily have longer periods of kink oscillations,
because the top of a longer loop can be situated higher in the
corona (accounting for the effect of the loop plane inclination
with respect to the surface of the Sun) where the density is lower

and hence the kink speed higher. The non-resonant continuously
operating driver can be attributed, for example, to the granulation
or super-granulation motions that excite the kink oscillations at
the loop footpoints. Theoretical analysis of the excitation of nat-
ural oscillations by the random motion of footpoints shows its ef-
ficiency (e.g. De Groof & Goossens 2000). A similar behaviour
can occur in the case of the periodic shedding of Alfvén vortices
(e.g. Nakariakov et al. 2009). The observed life-time of the os-
cillations is likely to be determined by the observational condi-
tions instead of any physical damping. However, the balance be-
tween the driving and damping is a necessary ingredient of this
model (see Nisticò et al. 2013, for discussion). The oscillations
can be damped by resonance absorption, for instance. Despite
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IRIS/Hinode observations: spicules
Antolin, Schmit, De Pontieu, Pereira (2015, in preparation)

IRIS/FG, Mg II kHinode/SOT, Ca II H
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Spicule model

2

ing spectro-polarimeter using dual Fabry-Pérot etalons as de-
scribed by Scharmer (2006) and it works as a tunable narrow-
band filter that can rapidly scan spectral lines isolated by a
prefilter. One camera is situated just after the prefilter called
the wide band camera (WB) and two more cameras are placed
after the dual etalons. In Hα the full width at half maximum
of the transmission profile for CRISP is 6.6 pm and 0.49 nm
for the Hα prefilter.
The data analyzed was from 27 June 2010 between

11:43:12 − 12:25:25 UTC. The adaptive optics system
(Scharmer et al. 2003b) was locking on a region of enhanced
network about 30′′ inside from the limb. The pixel size
is 0.059′′ and the entire field of view (FOV) covers about
57×57′′ of the Sun. Both observations from STEREO
(Howard et al. 2008) from the same day and AIA a few days
later show that the solar region below the off-limb part is mag-
netically less active than the enhanced network in the center
of the FOV. The size of the FOV region off-limb is approxi-
mately 100Mm2.
The observational sequence scanned the Hα line at 41

equidistant positions symmetrically around line-center. The
scan started at −1716 mÅ with steps of 86 mÅ, equivalent to
a Doppler offset of −80 km s−1 in steps of 4 km s−1. The
cadence of the series is 9 s and 281 scans were recorded.
The data targeted a region of plage just inside the south-

eastern limb of the Sun. A sunspot was situated close to, but
outside the FOV.
The observations were post-processed with the MOMFBD

(van Noort et al. 2005) procedure. The MOMFBD procedure
assures that the NB images are all aligned to the WB image
and therefore to each other, thereby achieving a high degree
of spectral integrity in the spectral scan. The WB and NB
objects are given equal weight in the restoration process. This
process may leave residual seeing artifacts due to changes in
the differential seeing. This is compensated for by adding
another object to the restoration following Henriques (2012).
It is important to note that off-limb there is reduced signal

in the wide-band channel. This makes it difficult to compute
the wavefront deformation and makes the restoration less suc-
cessful. However, the seeing in this dataset is excellent and
very stable and it was verified that spurious signals from spa-
tial misalignment due to the sequential nature of the acquisi-
tion method are negligible.
We used CRISPEX (Vissers & Rouppe van der Voort 2012)

to explore and analyze the observations.
3. ANALYSIS

When we look at the data it is apparent that many spicules
do not evolve independently, but rather evolve as small groups
of spicules in a collective fashion. The spicules in the groups
appear and disappear nearly at the same time and have simi-
lar apparent motion. Two examples are shown in Fig. 1. In
the first example two spicules have an apparent outward mo-
tion. After 81 s (not shown in the figure, see movie in the
online material) the rightmost spicule splits into two spicules.
After an additional 27 s the leftmost spicule splits into two
spicules. In the second example a larger ensemble of spicules
have appeared and appears to move outward. The very bright
spicule to the left at t = 27 s appear to be made up of two
spicules and at later times they appear to separate. In Fig. 2
we show three examples of spicules merging or splitting up
over a short period of time. In the first and third example the
splitting appears along nearly the entire length of the spicule
at the same time indicating that the relative motion of the in-

Figure 1. Time evolution of two spatial regions each containing several
spicules from Hα red-wing images (∆v = 19.6 km s−1). The images are
radial filtered to make the spicules stand out more and the cutouts are fixed in
space. [Animation of this figure is available in the online material].

dividual spicules is perpendicular to their axis.
The spatial scales across the field showing collective behav-

ior is up to 2 Mm with a typical size of 500 km. Examples of
the size and number of spicules in a group can be seen in the
top panel of Fig. 3, where the spicules in immediate vicin-
ity of spicule no. 3, 5 and 7 form three different groups of
spicules displaying synchronous behavior.
If we study the spectral line profiles for individual spicules

far away from the limb we observe that many line profiles
are asymmetric and some even show multiple peaks indicat-
ing the presence of multiple components. Fig. 3 show line
profiles at various heights for eight different spicules. The
chosen spicules are located far away from the photospheric
limb (gray line) and outside most of the (average) chromo-
spheric limb. This selection was an effort to reduce the line-
of-sight superposition which is enormous close to the limb.
All spicules were selected by eye and the endpoints are ar-
bitrary in the sense that no criterion was used to define the
top and foot point. Spicules no. 4, 5, 6 and 8 in particular
show irregular line profiles which deviate significantly from a
Gaussian profile, which is the expected line profile when ther-
mal motion is dominating the line broadening. Indications of
multiple peaks are apparent in several examples and have been
found in many more spicules not shown in this figure.
Hα is usually an optically thick line in the solar atmo-

sphere, however that is not always the case off-limb. We an-
alyze spicules sufficiently far from the limb so the spectral
lines generally have a Gaussian shape and we therefore treat
spicules we study as being optically thin.
To analyze the observed asymmetrical line profiles we fit a

double Gaussian line profile using asymmetry analysis fol-
lowing the work of De Pontieu et al. (2009) and Tian et al.
(2011). The following double Gaussian function is fitted:

I(λ) = b+ h1e
−

(λ−µ1)2

2σ2
1 + h2e

−
(λ−µ2)2

2σ2
2 , (1)

where λ is the wavelength, b is the background signal level,

Skogsrud+ (2014)
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Strand-like structure in spicules may correspond to KHI vortices
Antolin, Schmit, De Pontieu, Pereira (2015, in preparation)
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Spicule model vs observations
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Conclusions (2/2)
Transverse MHD waves may play an important role in the heating and morphology of 
structure in the solar atmosphere. Mainly 2 mechanisms at play:!

Global kink ➙ azimuthal Alfvénic motions at boundary from resonant absorption 
mechanism ➙ Kelvin-Helmholtz instabilities (KHI)!

KHI combines with resonant absorption: energy extracted from resonance layer and 
dissipated through viscous and ohmic heating!

Turbulence generation: small-scale enhanced emissivity regions with large vorticity 
and strong currents: vortices and current sheets are created along loop: heating, 
possible reconnection leading to braiding.!

KHI fine structure + line-of-sight effects = strand-like structure in intensity images 
(Antolin+ 2014). Observed threads /strands = KHI vortices?!

Characteristic out-of-phase behaviour between POS motion and LOS velocity + 
strong dynamic coherence across the flux tube: match with observations (Okamoto+ 
2015, Antolin+ 2015, accepted)!

Model valid for corona, prominences and spicules (Antolin+, 2015 in prep.)
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Thank you!


