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Introduction
By Dr. Christoph Kuckein, Leibniz-Institut für Astrophysik 
Postdam (Germany)

The future European Solar 
Telescope (EST) is a revolu-
tionary 4-metre aperture 
telescope designed to 
investigate our active Sun at 
unprecedented resolution. 
Equipped with state-of-the-
art instruments, it will help 
scientists understand the 
magnetic coupling of the 
solar atmosphere. EST will 
be the largest solar telescope 
ever built in Europe. First light 
is planned for 2027. 

EST’s large aperture is 
needed not only to resolve 
extremely small features 
on the solar surface, but 
also to collect photons very 
rapidly to be able to see the 
evolution of solar magnetic 
fields at their intrinsic 
temporal scales, with little 
noise. High polarimetric 

sensitivity will be achieved 
with the help of an optical 
design that maximises the 
light throughput. Moreover, 
to ensure that the telescope 
does not introduce spurious 
polarization signals into 
the light beam, EST will 
be an on-axis telescope 
with polarimetrically 
compensated transfer optics. 
This will preserve the weak 
polarimetric signals coming 
from the Sun, taking the 
polarimetric accuracy of EST 
to unprecedented levels.

Many solar phenomena 
are magnetically coupled 
across the solar atmosphere. 
Hence, it is crucial to 
observe the Sun in multiple 
wavelengths at the same 
time, to study different 
layers of its atmosphere. 

For this reason, EST will 
be equipped with three 
types of instruments, each 
one composed of different 
channels to observe multiple 
wavelengths simultaneously: 
broad-band imagers, 
narrow-band tunable filter 
spectropolarimeters, and 
grating spectropolarimeters. 
They will have the most 
advanced technology 

available. In addition, to 
achieve highest imaging 
quality, the telescope design 
includes a multi-conjugate 
adaptive optics (MCAO) 
system. MCAO and image 
reconstruction techniques 
will allow for diffraction 
limited observations over the 
whole field of view. In this 
way, scientists will be able 
to analyse details with sizes 

of tens of kilometres on the 
Sun, resolving the intrinsic 
scales on which the physical 
processes occur.

EST science goals
 
The Sun is the only star 
that can be observed in 
high resolution. It offers 
an exceptional laboratory 
to study the interactions 

Rendering of the European Solar Telescope with the dome open at the top of the building, in one of the observatories in the 
Canary Islands (Spain). / Image: Gabriel Pérez (IAC).

European Solar Telescope
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between ionised plasmas 
and electromagnetic fields. 
The physical conditions 
under which these 
interactions occur are very 
common in the universe. 
However, such conditions 
cannot be reproduced in the 
laboratory or even in state-of-
the-art numerical simulations 
because crucial ingredients 
are still unclear. 

Studying the Sun is also 
important from a practical 
point of view. Solar activity 
manifestations set the 
prevailing conditions in the 
interplanetary medium and 
have an impact on Earth’s 
space environment. The Sun 
is the main driver of the so-
called “space weather”: solar 
magnetic activity variations 
induce terrestrial changes 
which can affect millions of 
humans on short and long 
time scales. We need to 
predict disturbances of the 
space environment which are 
induced by the Sun and to 
understand the links between 
the solar output and the 
Earth’s climate.

Finally, EST will look into 
the fundamental solar 
processes at their intrinsic 
scales, allowing us to analyse 

physical phenomena in the 
greatest possible detail. 
These small-scale processes 
must also operate in other 
stars. However, we are only 
able to catch glimpses or 
some indirect evidence of 
such phenomena due to their 
enormous distances. 

Specific scientific problems 
to be addressed by EST 
include understanding how 
the magnetic field emerges 
through the solar surface, 
interacts with the plasma to 
transfer mass and energy 
between different regions, 
and how the energy is 
eventually released in the 
form of heat or eruptions 
in the solar chromosphere 
and corona. 

The challenges of EST

EST builds upon the 
progress made with existing 
ground-based telescopes 
(German Vacuum Solar 
Telescope, Swedish 1-m 
Solar Telescope, THEMIS, 
GREGOR), space  missions 
(Hinode and IRIS), and 
balloon-borne solar obser-
vatories (SUNRISE). It will 
be especially designed to 
study the magnetic coupling 
of the solar atmosphere. 

To that aim, it will be 
equipped with the most 
advanced suite of imaging 
and spectropolarimetric 
instruments ever mounted in 
any existing or planned solar 
telescope. 

Key technologies for 
EST are integral field unit 
spectrographs, efficient 
tuneable Fabry-Pérot spectral 
imagers and an adaptive 
secondary mirror. EST is 
designed to have superb 
imaging capabilities, thanks 
to its large aperture and 
the most powerful adaptive 
optics system ever installed 
in a solar telescope. Another 
strength of EST will be 
its ability to measure the 
magnetic field (and its tiny 
fluctuations) with high 
accuracy, simultaneously 
in different layers of the 
solar atmosphere. This 
simultaneity is crucial to 
follow the propagation of 
dynamic and magnetic 
phenomena and understand 
the mechanisms of magnetic 
energy concentration, 
propagation and release. 
Past and present ground-
based telescopes and 
space missions have 
revealed important aspects 
of the solar magnetism, but 

without reaching the spatial 
and temporal scales, the 
magnetic sensitivity, and the 
simultaneous coverage of 
different solar atmospheric 
layers that EST will provide. 

History of the EST project

European solar astronomers 
have been working jointly 
since 2006 to make EST 
become a reality through 
the European Association 
for Solar Telescopes (EAST). 
Numerous grants from the 
European Commission (EC) 
and the contributions of 
several countries were crucial 
to push forward such an 
ambitious project. Funded by 
the EC, the EST Conceptual 
Design Study was carried 
out between 2008 and 2011, 
with the participation of 29 
European partners and 9 
collaborating institutions. 

Between 2015 and 2017, the 
European Commision funded 
the GREST project (Getting 
Ready for EST), which 
achieved another milestone 
by including EST on the 
European ESFRI Roadmap 
in 2016 and addressed  
legal, industrial and socio-
economic aspects of the 
telescope. The SOLARNET 

project funded by the EC 
between 2013 and 2017 
further unified the European 
solar physics community 
by providing access to 
first-class infrastructures, 
networking, and joint research 
and development activities.

In 2017 the Preparatory 
Phase of EST (PRE-EST) 
was started, funded by 
the European Union’s 
Horizon 2020 Research and 
Innovation Programme. Its 
main goal is to provide the 
national funding agencies 
with a detailed roadmap 
for the implementation and 
construction of EST. PRE-
EST also includes a large 
Work Package devoted to 
communication, education, 
and outreach.

Additional funding between 
2019 and 2022 has been 
received by the SOLARNET 
Horizon 2020 project. The 
goal is to further develop 
innovative instrumentation 
for EST, train the new 
generation of researchers, 
and strengthen the European 
solar physics community, as 
well as push forward the EST. 
At the same time, EST is part 
of the H2020 ESCAPE project 
from 2019 to 2023, whose 
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aim is to  develop tools 
related to the European Open 
Science Cloud (ESOC). 

The European Association for 
Solar Telescopes, currently 
formed by 26 research 
institutes and universities 
from 18 European countries, 
is the entity promoting the 
development, construction 
and operation of EST. In 

November 2019, the EST 
consortium presented an 
official proposal to locate 
EST at the Observatorio del 
Roque de los Muchachos 
on the island of La Palma 
(Spain), very close to 
the Swedish 1-m Solar 
Telescope. This site is 
worldwide recognised for 
its excellent observing 
conditions and image quality.

About this book

A series of short articles on 
the science problems to be 
addressed by the European 
Solar Telescope were 
published on the EST social 
media between May 2018 
and April 2020. The goal was 
to raise awareness of solar 
physics and the importance 
of the future EST among 

a general, non-specialised 
audience. 

A total of 77 articles were 
written by professional 
solar astronomers from 30 
different European research 
centers and universities. All 
contributions were carefully 
prepared for outreach 
purposes. Not only the 
scientific background but 

also the importance of EST 
to answer key questions in 
solar physics were described. 

All the articles are now 
collected in this unique 
book, which shows the 
many facets of the Sun 
and highlights why we 
need the European Solar 
Telescope to achieve a better 
understanding of our star. 

Rendering of the European Solar Telescope at the site proposed by the EST consortium, at the Observatorio del Roque de los Muchachos on the island of La 
Palma (Spain). The William Herschel Telescope can be seen in the foreground and the Swedish 1-m Solar Telescope to the right. / Image: Gabriel Pérez (IAC).
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The Sun is the perfect 
scenario to observe  
magnetic field lines crossing 
each other in a physical 
process called reconnection. 

During this process, 
magnetic field lines in the 
solar atmosphere can meet 
at different directions and 
angles. Once they clash, their 
magnetic energy is converted 
into enormous heating 
and kinetic energy of the 
surrounding plasma, which 
is then ejected in different 
directions at huge velocities. 
Big amounts of energy are 
released during reconnection, 
producing “fireworks” and 

the amazing activity we can 
observe on the Sun. After 
reconnection, the magnetic 
field lines reconfigure into a 
more relaxed energy state.

Reconnection can happen 
anywhere in the solar 
atmosphere, from the lowest 
layers (the photosphere) to 
the highest layers (transition 
region and corona), and 
can produce very energetic 
flares or coronal mass 
ejections, where tons of 
mass are ejected into the 
interplanetary space. 

Usually, reconnection 
happens when new magnetic 

flux emerges into the       
Sun’s surface. The new 
magnetic loops rise through 
the solar atmosphere and 
interact (reconnect) with the 
pre-existing loops or even       
with themselves. 

The image shows two 
adjacent sunspots observed 
by the Japanese satellite 
Hinode in 2006. The lower 
sunspot seems to rotate 
counter clockwise with 
respect to the upper sunspot. 

A lot of shear occurs in the 
interface between the two 
sunspots, electric currents 
are created and magnetic 
tension is accumulated as 
the lower sunspot twists. 
Eventually that magnetic 
energy is released in the  
form of a huge flare that 
ejects plasma and energy in 
all directions.

The European Solar 
Telescope, a new 4 metre 
class solar telescope to be 

built in the Canary Islands 
(Spain), will help solar 
researchers discern the 
ultimate details of magnetic 
reconnection at the finest 
spatial scales thanks to its 
superb spatial resolution. 

The European Solar 
Telescope instruments will 
observe simultaneously the 
solar photosphere and the 
chromosphere, allowing their 
magnetic coupling to be 
studied like never before. 

Reconnection 
Everywhere

 
X3.4-class flare in active region 10930 observed by Hinode on 13 December 2006. / Image: NASA Goddard Space Flight Center.

By Dr. Ada Ortiz, Institute of Theoretical Astrophysics,  
University of Oslo (Norway)

 
Who said that magnetic field lines never 
cross each other?

Watch full movie at https://tinyurl.com/est0001
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The Magnetic 
Cradles of 
Solar Tornadoes

What are solar tornadoes and how do 
they behave? 

Vortex flows in the 
atmosphere of the Sun, 
often referred to as solar 
tornadoes, have attracted the 
imagination of scientists in 
the past few decades. 

These massive energetic 
phenomena are observed 
with a unique combination 
of ground-based telescopes, 
like the 4-metre European 
Solar Telescope in the 
near future, and space-
borne facilities, for example 
NASA’s Solar Dynamics 
Observatory. These rapidly 

swirling magnetic structures 
are similar to the bathtub 
effect but, in the Sun, plasma 
locked to the magnetic field 
lines goes upwards from the 
surface into higher regions of 
the solar atmosphere. 

The rotating speeds could be 
even a few 100 km/s. Their 
size could be the size of the 
entire Earth or more. 

Scientists believe that the 
related braiding and twisting 
of the magnetic field lines 
contribute to the heating of 

the solar chromosphere and 
corona up to a few million 
degrees, well above the 
temperature of the surface 
of the Sun. 

There, in the chromosphere 
and the corona, the energy 
would be carried in the form 
of magnetic waves that are 
often referred to as Alfvén 
waves. For their prediction, a 
Noble prize was awarded in 
the 1970s.

More details can be found at 
www.solartornado.info.

By Prof. Robertus Erdelyi, University of Sheffield (UK)

 
Image: Sven Wedemeyer-Böhm (ITA, University of Oslo).
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The Smallest 
Dipoles ever 
Observed in a 
Star

 
What are the weak magnetic fields that 
permeate the whole solar surface?

By Dr. María Jesús Martínez González, Instituto de 
Astrofísica de Canarias (Spain)

If you take a look at the 
solar surface, sunspots will  
quickly grab your attention. 

They are the most 
spectacular manifestations 
of the Sun’s magnetic field, 
disrupting the convection 
that transports heat from 

the interior, thus cooling 
the surface by thousands 
of degrees, giving sunspots 
their darker appearance. 

But what you cannot see 
by naked eye is the small-
scale, weak magnetism that 
permeates the  whole solar 

surface. Though its origin 
and precise properties can 
only be unveiled by the future 
European Solar Telescope, 
it is known that these little 
magnetic  dipoles have 
an impact on the global 
energetics of the Sun. They 
are two orders of magnitude 

smaller than active regions 
and have magnetic fields one 
order of magnitude weaker 
than sunspots, but pervade 
most of the solar surface,    
all the time.

The image is a still from a 
movie showing observations 

of a quiet region of the 
solar surface with the 
IMaX instrument on board 
the SUNRISE balloon 
telescope. They were used 
to reconstruct the field 
lines of 250 small dipoles 
detected during 30 minutes 
of observations.

 
Observations of a quiet region of the solar surface with the IMaX instrument onboard the SUNRISE balloon telescope. They were 
used to reconstruct the field lines of 250 small dipoles detected during 30 minutes of observations.

Watch full movie at https://tinyurl.com/est0002
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Spicules at
the Solar Limb

Spicules are thin, elongated 
jets a few hundred kilometres 
wide. They reach up to    
6000 kilometres height and 
can move at speeds of more 
than 100 km/s. 

Spicules are found all over 
the solar surface, but they 
can be observed most easily 
near the limb of the Sun. It 
is believed that, at any given 
time, there are more than 
100 000 spicules on the solar 
surface. They are thought to  
transport mass and energy 
from the solar chromosphere 
into the transition region 
and the corona.  

Discovered by Father Angelo 
Secchi in the 19th century, 
scientists are still debating 
their origin. We need the 
extreme capabilities of the 
European Solar Telescope in 
order to fully understand the 
role of spicules in the mass 
transport and heating of the 
outer solar atmosphere.

The figure on the right shows 
spicules close to the solar 
limb, as observed in the 
H-alpha spectral line. The 
image was captured with 
the SOUP instrument at the 
Swedish 1-m Solar Telescope  
on La Palma (Spain).

Features discovered in the 19th century  
whose origin is still not fully understood

By Prof. Luc Rouppe van der Voort, Institute of Theoretical 
Astrophysics, University of Oslo (Norway)
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Sunquakes — 
Fracking 
on the Sun?!
By Prof. Sarah Matthews, Mullard Space Science 
Laboratory, University College London (UK)

A sunquake is a short-lived seismic 
disturbance on the Sun

A sunquake is a short-lived  
seismic disturbance in the 
interior of the Sun seen with 
some solar flares and coronal 
mass ejections (CME) as 
propagating ripples on the 
surface (see accompanying 
figure and movie).

Like earthquakes, sunquakes 
have the potential to help us 
understand conditions inside 
the Sun, but they are also a 
puzzle from the perspective 

that they are not seen with 
every flare/CME, and even 
when they are seen, they 
are only in very specific 
locations, which means there 
must be some special set 
of conditions necessary for 
them to happen. 

Unlike most earthquakes,   
the trigger for sunquakes 
seems to come from 
above, like fracking induced 
earthquakes here on Earth. 

However, while we know 
that fracking involves high 
pressure jets of liquid, we do 
not know what the equivalent 
agent is on the Sun, or 
importantly, how the energy 
gets channelled to specific 
locations. We do know that 
energy gets released from 
the magnetic field high in the 
solar corona during a flare 
or a coronal mass ejection, 
so one possibility is that 
the magnetic field creates a 

kind of lens when we see a 
sunquake, that focuses the 
energy in a small area.

At the moment we can only 
really measure the magnetic 
field in the photosphere, but 
we know that there are big 
changes higher up that mean 
we need to measure the field 
at several heights, especially 
in the chromosphere. 

In the future, the European 

Solar Telescope will have 
the ability to simultaneously 
measure the magnetic field 
in the photosphere and 
chromosphere which will 
enable us to figure out if 
this is really happening and 
perhaps solve the mystery   
of sunquakes.

For more information about 
this topic, see the article by 
Kosovichev & Zharkova, 
1998, Nature, 393, 6683, 317. 

Watch full movie at https://tinyurl.com/est0003



6

Interplay between 
Convection and
Solar Magnetic
Fields 

The solar surface is 
constantly heated from 
deeper layers. The heating 
is provided in the form of 
bubbles of hot material that 
rise convectively through 
the sub-surface layers. 
These convective cells are 
called granules and appear 
as bright dots on the solar 
surface. Their typical size is 
around 1000 km. 

Granules are sensitive to 
the presence of magnetic 
field. Their shapes, sizes 
and lifetimes are highly 
dependent on the magnetic 
field properties. With 
increasing field strength, the 
granules become smaller. 

In the extreme case of  
sunspots, the magnetic field 
is strong enough to suppress 

 
Magnetic fields modify gas motions on 
the solar surface and vice versa

convective motions, so the 
solar surface cools down 
considerably and appears 
dark compared to the 
immediate surroundings.

Not only do the granules 
react to the magnetic field 
properties. The convective 
cells are also able to 
change the magnetic field  
configuration. They can bend 
and twist the magnetic field 

lines, drag them down to  
sub-surface layers or push 
them to the higher layers of 
the solar atmosphere. 

The 4-m European Solar 
Telescope will allow us to 
study these processes in 
greater detail, simultane-
ously in multiple layers of the 
solar atmosphere, and with 
unprecedented temporal 
and spatial resolution.

The image is a still from a 
movie showing the evolution 
of magnetic fields in an 
active region for two hours. 
The field is strongest in 
the darkest regions, but its 
presence can be recognised 
also in other areas, where 
the granules are smaller, 
brighter, or very elongated, 
and in the myriad of tiny 
magnetic bright points sitting 
in between the granules.

By Dr. Jan Jurčák, Astronomical Institute of the 
Czech Academy of Sciences (Czech Republic)

Observations by the Swedish 1-m Solar Telescope (La Palma, Spain). Data courtesy Dr. Michiel van Noort (MPS, Germany).

Watch full movie at https://tinyurl.com/est0004
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Mapping out 
a Solar Flare 
with Flare 
Ribbons

When energy is released 
from the coronal magnetic 
field during a solar flare, 
a large fraction of it ends 
up in the Sun’s lower 
atmosphere  —primarily the 
chromosphere, but also the 
photosphere. This results 
in intense, localised heating 
that produces an elongated 
pattern known as flare 
ribbons (see image). 

Ribbons can be tens of 
thousands of kilometres long, 
but at their narrowest are less 
than a hundred kilometres 
wide. Usually a pair of 
ribbons forms, one in positive 
magnetic field and the other 
in negative, and they separate 
as the flare proceeds (this 
is strong evidence that 
magnetic reconnection is at 
the heart of a flare). Magnetic 

Ribbons are key to understanding the 
magnetic evolution of solar flares

By Prof. Lyndsay Fletcher, University of Glasgow (UK) 

 
Flare ribbons observed by Hinode on 15 February 2011. / Image: Hinode (JAXA, NAOJ, NASA, STFC, ESA). 

flux joining the corona and 
chromosphere is energised 
in turn, leading to the ribbon’s 
sequential brightenings 
as the field is drawn into a 
coronal reconnection region.

Flare ribbons thus map       
out where the flare energy 
comes from and where it 
goes, and provide the link to 
magnetic evolution. 

The 4-metre European Solar 
Telescope will be able to 
measure the speed, direction 
and brightness of the ribbons 
simultaneously and co-
spatially with changes in the 
magnetic field throughout 
the chromosphere and 
photosphere, helping us 
to complete the picture of 
energy storage and release 
in flares. Moreover, using 

detailed spectroscopic 
measurements of the flare 
ribbons we can deduce the 
effect of the flare heating on 
the chromospheric material 
itself —how it ionises, heats 
and expands due to the 
deposition of energy from 
above. This, in turn, helps us 
home in on the physics of 
how energy travels through 
the flaring atmosphere.

Watch full movie at https://tinyurl.com/est0005
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Solar Plasma 
Blobs under a 
Microscope

The solar atmosphere is like 
a colourful garden harbouring 
many plasma structures with 
sizes ranging from hundreds 
of thousands kilometres 
down to the resolution 
limit  of current large solar 
telescopes of about 150 
kilometres. Most of them are 
of magnetic nature. 

In loop-like magnetic 
confinements, plasma 
can aggregate into vast 
cloud-like structures called 
prominences, observed at 
the solar limb. We call them 

filaments if seen projected on 
the disc where they appear 
dark against the bright 
background due to denser 
and cooler plasma absorbing 
the background radiation. 

Filaments remain stable      
for extended periods of time, 
but may become activated 
for example by a solar flare 
occurring in the vicinity of   
the filament.

The image is a still from a 
movie showing a dynamic 
filament observed by the 

“Tiny” plasma blobs call for high 
resolution telescopes like the EST

By Dr. Julius Koza, Astronomical Institute of the Slovak 
Academy of Sciences (Slovakia)

Swedish 1-m Solar Telescope 
on La Palma (Canary Islands, 
Spain) on 14 May 2016. 

This wing-like filament 
was activated by a flare 
which occurred close to 
the adjacent sunspot on 
the right side of the image. 
Vigorous dynamics of the 
activated filament induced 
fragmentation of the filament 
plasma into a shower of tiny 
plasma blobs with a typical 
size of 300 - 500 km, very 

clearly seen at the tips of 
the filament. One of them, 
identified by the arrow and 
the contours, was examined 
with the aim to infer its 
plasma parameters. They   
are shown in the coloured 
sub-panels, where the 
contour marks the position  
of the blob. 

These parameters allow 
us to estimate the plasma 
density of the blob, its mass 
and also the lower limit of the 

filament’s magnetic field.

The European Solar 
Telescope, a new 4-metre 
class solar telescope to be 
built in the Canary Islands, 
will be capable of delivering 
superb microscopic 
observations of these tiny 
plasma blobs which may 
provide clues for answering 
big questions of solar 
physics. The high resolution 
of EST will be essential for 
achieving that goal.

Watch full movie at https://tinyurl.com/est0006
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Suddenly, the 
Sun Erupts a 
Filament!

Solar filaments (also called  
prominences when observed 
at the limb) are plasma 
condensations characterised 
by a lower temperature and 
a higher density with respect 
to the gas of the surrounding 
atmosphere. They are 
located along the polarity 
inversion line that separates 
opposite magnetic polarities.

In most cases, the 
appearance of flare ribbons 
in the solar atmosphere 

is related to the rising and 
eruption of a solar filament. 

The image is from a movie 
showing the development 
of ribbons in the 
chromosphere and the 
eruption of a (dark) filament 
during a flare that occurred 
on 7 November 2014. 

In turn, the eruption of 
filaments can be associated 
with coronal mass ejections 
(CMEs) that propagate in the 

 
Flare ribbons are caused by the rising and 
eruption of solar filaments

 
Eruption of a dark filament during a solar flare. Data taken by the ROSA instrument at the Dunn Solar Telescope in Sacramento 
Peak (USA). / Image: Peter Keys (QUB, UK). 

interplanetary space and, in 
some circumstances, can 
affect the Earth’s magnetic 
field and cause aurorae.

The sequence “filament 
eruption - flare - CME” can 
occur suddenly: a filament 

that was quietly sitting in an 
active region for hours/days 
gets destabilised and erupts 
in a few tens of minutes.

Many models have been 
considered to explain these 
phenomena (mainly involving 

magnetic reconnection), but 
in order to really understand 
what causes such rapid 
and sudden phenomena, 
we need a telescope with a 
large aperture providing high 
spatial resolution, like the 
European Solar Telescope.

By Prof. Francesca Zuccarello, Università degli Studi 
di Catania (Italy)

Watch full movie at https://tinyurl.com/est0007
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Magnetic Bright Points

The dynamic appearance 
of the Sun is caused by 
magnetic fields. 

On large scales we observe 
sunspots producing flares 
and coronal mass ejections. 
But the Sun does not only 
host large scale magnetic 
fields. No, there is indeed 
a whole zoo of magnetic 
fields and features reaching 
down to single flux tubes not 
larger in diameter than a few 
hundreds kilometres. 

These features are highly 
dynamic and responsible 
for physical processes like 
wave triggering, propagation, 
and wave guiding to the 
higher atmosphere. They 
also increase the total 
radiation emitted by the 

Sun and change its spectral 
composition due to their 
higher irradiance at smaller 
wavelengths, which is 
important for climate 
research on Earth.

To study the fast dynamics of 
small-scale magnetic fields 
one can use magnetic bright 
points (MBPs), which are 
the cross-section of strong 
magnetic flux elements on 
the visible surface of the 
Sun. MBPs allow magnetic 
features to be tracked 
using intensity rather than 
polarisation measurements.

The image shows the 
appearance of MBPs in 
different layers of the 
atmosphere by scanning 
through the H-alpha spectral 

line. One can think of the 
photons detected in the line 
wing as being emitted from 
the photosphere while the
ones coming from the line 
centre are created higher up 
in the chromosphere. 

These observations 
demonstrate the close 
relationship between MBPs 
(small-scale magnetic fields) 
and jets (dark chromospheric 
structures) blowing out and 
up from them.

The 4-metre European Solar 
Telescope multi-wavelength 
capabilities and high spatial 
resolution will allow us to 
study small MBPs in an 
unprecedented way, and 
further disentangle their 
small-scale structures.

 
Magnetic bright points are features used 
to study the fast dynamics of small-scale 
magnetic fields in the Sun

 
Observations taken at the Swedish 1-m Solar Telescope with the CRISP instrument. 
Image: Tanmoy Samanta and Vasco Henriques.

By Dr. Dominik Utz, University of Graz (Austria)

Watch full movie at https://tinyurl.com/est0008
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Discovering 
Earth Analogues 
with a Little Help 
from our Sun

The discovery of exoplanets 
usually relies on the detection 
of a very weak radial velocity 
(RV) signal that the planet 
induces on the host star. 

The limiting factor for 
detecting this Doppler 
“wobble”, of about 10 cm/s 
for habitable planets, 
is caused by the stellar 
convective motions. 

Observing and characterising 
solar activity and granulation 
in its smallest scales will 
allow us to disentangle this 
RV which is paramount 
for the discovery of Earth 
analogues.

The image shows the 
Doppler “wobble” caused by 
the barycentric movement 
of the Earth (red) compared 

to the RV “noise” induced by 
solar granulation in sun-as-a-
star observations.

The 4-metre European Solar 
Telescope will study the fine 
structure of photospheric 
features with very high 
spatial, spectral, and temporal 
resolution. Combined with 
state-of-the-art radiative 
magnetohydrodynamic  

modelling, this will allow us 
to form a multi-component 
parameterisation of the 
solar photosphere that 
includes granules, magnetic/
non-magnetic intergranular 
lanes, MBPs, sunspots and 
plages, from disc centre to 
the solar limb. 

This parameterisation can be 
used to reconstruct stellar 

line profiles and allow us to 
“beat” the astrophysical noise 
caused by the convective 
motions of exoplanet host 
stars. The RV jitter caused by 
the Earth analogues can then 
be uncovered.

For more information on this 
topic, see the article by Cegla 
et al, 2013, Astrophysical 
Journal, 763, 95.

Understanding solar activity and 
granulation at the smallest scales will 
help us detect exoplanets

By Prof. Mihalis Mathioudakis, Queen’s University Belfast (UK)

 
Variation in the Sun’s radial velocity caused by the orbital motion of the Earth (red curve) and the jitter introduced by the 
solar granulation (blue dots), in metres per second. / Image: HARPS-N solar team.
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The Sun’s 
Hidden 
Magnetism

At any given time during the 
solar magnetic activity cycle, 
most of the solar disc is 
covered by apparently quiet 
regions. Yet, such regions of 
the Sun’s photosphere (the 
deepest part of its extended 
atmosphere) are significantly 
magnetised, even during the 
minimum of the solar cycle 
when we can hardly see 
any sunspot.

The magnetic fields that 
permeate such regions 
are very elusive, because 

they are mostly tangled at 
spatial scales that cannot 
be fully resolved with today’s 
telescopes (see image). We 
know about their existence 
through the polarisation that 
some physical mechanisms 
introduce in photospheric 
spectral lines.

The Hanle effect is the 
magnetic-field-induced 
modification of the linear 
polarisation produced by 
scattering processes in 
a spectral line. Thanks to 

Most of the solar disc is apparently 
quiet. Yet, those regions are 
significantly magnetised

By Prof. Javier Trujillo Bueno, Instituto de Astrofísica 
de Canarias (Spain)

 
Visualisation of the magnetic field lines in a 3D magneto-convection model of the quiet solar photosphere (Rempel, 2014, ApJ, 
789, 132), which has a surface mean field strength of 170 Gauss. / Image: del Pino Alemán et al., 2018, ApJ, 863, 164.

this effect, solar physicists 
could show that the quiet 
solar photosphere contains 
a substantial amount of 
magnetic energy density due 
to the presence of a “hidden” 
(unresolved) small-scale 
magnetic field whose mean 
field strength is of the order 
of 100 Gauss. The ensuing 
energy flux is so significant 
that such “hidden” magnetism 
could perhaps be the main 
driver for heating the outer 
solar atmosphere above quiet 

regions of the solar disc.

To measure the Hanle 
polarisation signals with 
today’s telescopes requires 
to sacrifice the spatial and 
temporal resolution of the 
observations to increase 
the signal-to-noise ratio, 
but theoretical calculations 
using increasingly realistic 
magneto-convection models 
of the solar photosphere 
predict conspicuous small-
scale spatial variations 

that should be visible in the           
Sr I 460.7 nm spectral line.

The 4-metre European Solar 
Telescope will allow us to 
observe with high spatio-
temporal resolution the 
spectral line polarisation 
produced by the joint action 
of scattering processes 
and the Hanle and Zeeman 
effects, thus opening up a 
completely new diagnostic 
window on the fascinating 
Sun’s hidden magnetism.



13

Clouds on the 
Sun?

The Sun is far from being a 
boring and homogeneous 
star. It hosts many interesting 
phenomena, from small 
bright points to large-scale 
flare events.

Within solar physics, a 
particular topic are solar 
filaments and prominences. 
Both terms refer to the same 
structures, that receive 
different names depending 
on where they are observed 
on the Sun. On the solar disc, 
they are called filaments, 
while above the limb they   
are called prominences. 

Visible even with amateur 
telescopes, prominences 
are best seen using an 
H-alpha filter, and resemble 
dark clouds which lie in 
the upper atmosphere, the 
chromosphere and corona. 
However, they are not like 
clouds on Earth!

Filaments are made out of 
thin plasma threads located 
inside of large elongated 
structures. The structure 
itself is confined due to the 
magnetic field lines. Their 
lifetimes range from a few 
days to several weeks, and 

Solar filaments are long structures 
and resemble dark clouds which lie 
in  the chromosphere and corona

By Dr. Christoph Kuckein, Leibniz-Institut für Astrophysik 
Potsdam (Germany)

 
Image taken with the full-disc imager “Chromospheric Telescope” (ChroTel, Tenerife) using an H-alpha filter on 15 November 
2011. The lower part shows the same filament observed with a high-resolution telescope (VTT, Tenerife).

their formation process is 
still not well understood.
Since filaments are rooted in 
the photosphere (that is, the 
surface of the Sun), but their 
main body appears much 

higher in the atmosphere, 
they are regarded as a 
coupled system across 
several heights. 

The 4-metre European Solar 

Telescope multi-wavelength 
capabilities will offer a unique 
opportunity to better study 
solar filaments and shed 
light on the nature of this 
intriguing phenomenon.
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Energy 
Transport in 
Sunspots

Sunspots on the surface 
of the Sun manifest strong 
magnetic fields that couple 
the solar interior with its 
outer atmosphere. 

They appear dark as they are 
cooler than the surrounding 
quiet Sun, where bubbles of 
hot gas emerge in granules, 
cool by radiation, and 
submerge in the adjacent 
intergranular lanes. In 
sunspots, this process of 
convective energy transport 
is strongly altered by the 
presence of magnetic fields. 

They create magnetic forces 
known as Lorentz forces that 
lead to distinct magneto-
convective processes.

Sunspots have a dark inner 
area, the umbra, and an outer 
brighter ring, the penumbra. It 
is obvious that two different 
types of magneto-convection 
are present, but we still do 
not understand the details 
of these two magneto-
convective processes and 
the transition between them.

Yet, an important discovery 

Sunspots possess strong magnetic fields 
that affect convective energy transport 

By Dr. Rolf Schlichenmaier, Leibniz Institute for Solar 
Physics (Germany)

 
Image of a sunspot and its surroundings (NOAA active region 11768) taken in the continuum at 486 nm with the German GREGOR 
telescope (Tenerife, Spain) on 14 June 2013, 09:20 UT.

was recently made by Jurčák 
and collaborators (2018, 
Astronomy and Astrophysics, 
611, L4). While hitherto the 
boundary between the umbra 
and the penumbra was 
defined by the fact that the 
penumbra is much brighter 
than the umbra, Jurčák 
and his team discovered 
a magnetic property of 
this boundary: the vertical 
component of the magnetic 
field there has a universal 
threshold value. These 
authors studied a snapshot 
sample of 88 sunspots.

In order to  challenge this 
finding, Schmassmann and 
co-workers at KIS analysed 
the temporal evolution of a 
single long-lived sunspot.The 
results show that, indeed, for 
a time period of more than 10 
days, the vertical component 
of the magnetic field stayed 
constant at 1693 G with a 
fluctuation as small as 15 
Gauss. For comparison, the 
Earth magnetic field has a 
strengh of 0.5 Gauss.

In this way, the Jurčák 
criterion for the boundary 

between the umbra and 
the penumbra has been 
empirically established, 
and upcoming theoretical 
research will hopefully 
provide a detailed 
explanation of how the two 
types of magneto-convection 
operate in the umbra and the 
penumbra. A detailed study 
of these processes at the 
inherent small scales will be 
done with the European Solar 
Telescope which will provide 
the spatial, spectral and 
polarimetric capabilities that 
are necessary for this task.
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Simulating what 
EST will See

The European Solar 
Telescope will observe 
the solar atmosphere with 
unprecedented detail. 

Understanding its physics 
requires simulating 
parts of the atmosphere 
and computing how the 
simulations would look if 
observed with EST, so that 
observations and simulations 
can be directly compared.

These still frames from a 
movie show details of one 
such simulation, with two 
sunspots connected by 
elongated structures that 
outline the magnetic field 

in the solar atmosphere. An 
advantage of the simulation 
is that we can look at it from 
up close. In fact, the movie 
shows what we would see if 
we could fly over the visible 
surface of the Sun at a height 
of 17 000 km.

The movie corresponds to the 
line core intensity of the Ca II 
K line at 393 nm, and shows 
the upper chromosphere, 
which has a temperature of 
about 10 000 degrees. 

The end of the movie shows 
enormous fountains of 
chromospheric gas that have 
been thrown up into sky.

Simulations are key to understanding 
the physics of the Sun

By Prof. Jorrit Leenaarts, Institutet för Solfysik, 
Stockholms Universitet (Sweden)

 
Still frames from a MHD simulation by M. Rempel and M. Cheung. Radiative transfer calculations by J. Bjørgen.

Watch full movie at https://tinyurl.com/est0009
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Capturing the 
Properties of 
the Solar 
Atmosphere 
Fast Enough
By Drs. Michiel van Noort and Alex Feller, Max Planck 
Institute for Solar System Research (Germany)

New instrumentation will allow us to 
resolve solar structures of order of 
30 km which evolve in seconds

To study the dynamics of the 
continuously evolving solar 
atmosphere, it is necessary 
to obtain morphological 
information by imaging the 
solar surface on a time scale 
that is sufficiently small 

to effectively “freeze” the      
solar scene. 

With the European Solar 
Telescope we expect to 
resolve solar structures 
of order of 30 km which 

evolve on time scales of 
seconds. While an image 
can be successfully recorded 
within this short time scale, 
only a small fraction of the 
information required for 
understanding the solar 
atmosphere is encoded in 
the image properties alone.

By analysing in detail the 
strength, shape and the 
polarisation state of the 
many spectral lines that are 
present in the solar spectrum, 
detailed information about 
the atmospheric stratification 
of temperature, vertical 

bulk motion, magnetic field 
strength and direction, 
encoded by atomic line 
transitions of the many 
elements that constitute the 
solar atmosphere, can be 
obtained. However, for a 
detailed analysis of the 
spectral properties of the 
Sun, a spectrograph with a 
high spectral resolution must 
be used.

There is currently no solar 
instrument in operation 
that can record spectral, 
polarisation and spatial 
information within the limits 

of the short timescale of 
evolution to be seen by the 
European Solar Telescope, 
and with sufficient resolution 
and sensitivity. Present-day 
instruments are only able to 
capture all this information 
by scanning either spectrally 
or spatially, which takes          
more time

A new type of instrumentation 
is therefore needed for 
EST. The Microlens-fed 
Hyperspectral Imager (MiHI) 
under development at the 
Max Planck Institute for   
Solar System Research is 

 
Concept of operation of the Microlens-fed Hyperspectral Imager (MiHI). 
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one example of such a new 
instrument that overcomes 
this problem by recording the 
spectral information for each 
image pixel simultaneously.

To accomplish this, the     
pixel must first be reduced in 
size to create enough space 
on the two-dimensional (2D) 
image sensor for the spectral 
information to be dispersed 
without overlap with the 
neighbouring pixels. The 
microlens spectrograph uses 
an assembly of microlens 
arrays to reduce the pixel 
size and create space for the 
spectral information, while 
minimizing the loss of light. 
Then the light is dispersed 
in a spectrograph, forming 
an array of spectra on the 
detector. 

In MiHI, a 2D image of the 
solar scene is subdivided into 
small sub-apertures or image 
pixels (see the first figure, 
left panel). The image pixels 
are then optically reduced 
in size to create space 
for the additional spectral 
information (middle panel). 
The final result projected on 
the cameras, after the MiHI 
beam path has passed a 
spectrograph, consists of 
small spectrum stripes, one 

spectrum for each image 
pixel (right panel of the first 
figure). The current MiHI 
prototype uses two cameras 
to capture the polarisation 
information as well.

An example observation 
with a MiHI prototype at the 
Swedish 1-m Solar Telescope 
is given in the figure on this 
page. The red square on the 
left panel shows the spatial 
field of view of MiHI within 
a larger context scene of 
the solar surface acquired 
with a slit jaw-camera. The 
small panels on the right 
show different cuts through 
the multi-dimensional data 
cube with spatial, spectral, 
and polarisation information 
recorded simultaneously. 

Panels S1 to S4 show 
example spectra for the 
region around 6302 Å 
containing 2 spectral lines of 
neutral iron (denoted by 
‘Fe I’ in panel S1). S1 shows 
an intensity spectrum 
(Stokes I). Panels S2 to S4 
show spectra of the degree 
of linear polarisation (Stokes 
Q/I and U/I) and circular 
polarisation (Stokes V/I). The 
horizontal axes represent the 
relative wavelength. Panels I1 
to I4 show 2D spatial images 

of the MiHI field of view in 
the 4 polarisation states and 
spectrally averaged across a 
small region of the spectrum 
(denoted by vertical yellow 
lines in panels S1 to S4). 

Panels C1 to C8 represent 
different spectral cuts 
through those images. The 
cuts have one spatial and 

one spectral dimension. In 
cuts C1 to C4, the horizontal 
axis represents the spectral 
dimension whereas the 
vertical axis represents the 
spatial dimension cutting 
through the images along 
the blue lines. In cuts C5 to 
C8 the spectral dimension 
is vertical and the spatial 
dimension horizontal, cutting 

through the images along 
the red lines. The small 
structures seen in these 
images as well as in the Fe I 
line profiles in the spectral 
cuts are signatures of the 
Zeeman effect, which results 
from iron atoms interacting 
with light in the presence of 
a magnetic field in the solar 
atmosphere.

 
Two-dimensional observation of the quiet Sun in the Fe I 630.1 and 630.2 nm lines taken with MiHI at the SST (La Palma, Spain). 
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On September 21, 1915, while 
observing the Sun at Mount 
Wilson Observatory (USA), 
Ferdinand Ellerman saw an 
intense brightening in solar 
spectra. He wrote: “On the 
first occasion the appearance 
was so extraordinary that 
it seemed hardly real; after 
the second observation, 
however, the existence of 
such phenomena as part 
of the solar activity seemed 
established.” 

Because these features 
were so prominent in the 
spectra of hydrogen lines,   

he named them “solar 
hydrogen bombs”. Today we 
call them after the discoverer 
himself: “Ellerman bombs”   
or just “EBs”.

These features are common 
part of flux emergence. They 
occur repetitively in young 
emerging active regions, 
last for a few minutes and 
then disappear. When we 
look at them with today’s 
instrumentation and sample 
the wings of the H-alpha 
spectral line, they appear as 
candles that flicker at the 
solar surface, sometimes 

Using the European Solar Telescope 
to understand Ellerman bombs

By Dr. Sanja Danilovic, Stockholm University (Sweden)

with multiple flames. They 
are as long as 1,000 km and 
almost always point towards 
the solar limb.

It took us exactly 100 years 
to explain what they really 
are. Thanks to numerical 
simulations, we can now say 
with certainty that these are 
locations where magnetic 
field reconnects and 
magnetic energy is converted 
to kinetic and thermal energy. 
During the reconnection, 
hot pockets of plasma are 
formed, which we then see as 
elongated flame-like features 

when we look at them from 
certain perspectives. They 
mark the location where 
heavy material that emerges 
from inside the Sun gets 
rid of much of its mass and 
becomes free to expand 
further towards the upper 
solar atmosphere.

Although we have learned 
much about the nature of 
EBs in the past few years, 
a lot still stays unclear. The 
European Solar Telescope 
will enable us to look at these 
features in greater detail 
and discover more about 

their properties and the 
underlying physical process.

The image presents 
examples of bright EBs 
observed with the Swedish 
Solar Telescope next to a 
sunspot. The movie shows 
their temporal evolution 
and a simulation of the 
emergence of a magnetic 
sheet to the solar surface. In 
the simulation, colour lines 
denote field lines as they 
emerge and reconnect.The 
green areas are hot regions 
which correspond to the 
flames we observe. 

Candles 
Flickering on 
the Solar Surface

 
High-resolution observations and simulations of Ellerman bombs. / Observations by Gregal Vissers (ISP, Stockholm University), 
animation by NCAR Vapor software.

Watch full movie at https://tinyurl.com/est0010
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Small-Scale 
Secrets of 
Sunspots

Sunspots are one of the most 
widely studied features on 
the Sun. These large events, 
observed for millennia and 
whose umbrae manifest 
as dark regions against 
the bright photospheric 
background (see the left 
panel of the image), indicate 
locations where extremely 
strong vertical magnetic field 
inhibits local convection, 
thereby reducing the local 
temperature. 

When using data with low 
spatial resolution to look 

at them, sunspots seem 
to be homogeneous dark 
regions which evolve slowly. 
Some would say that they 
even appear to be boring. 
But  when observed in high 
resolution using state-of-the-
art ground-based telescopes, 
numerous small-scale 
phenomena can be detected, 
giving us insights into the 
complex physics which takes 
place within sunspots.

Recent observations have 
shown the presence of 
extremely small-scale 

Sunspots have been widely studied, 
but their small-scale features need 
to be better understood

By Dr. Christopher Nelson, University of Sheffield and 
Queen’s University Belfast (UK)

 
Dynamics of sunspots in the photosphere (left) and chromosphere (right), as observed with the CRISP instrument at the Swedish 
1-m Solar Telescope on La Palma (Spain).

brightenings in the umbra 
at the footpoints of short, 
thin jets within sunspots. 
These brightenings appear 
to form when material 
within the jets begins to flow 
downwards, back towards 
the photosphere, leading to 
the occurrence of magneto-
hydrodynamic shocks in the 
lower solar atmosphere. 

The spectral profiles of these 
events are similar to those 
observed in other shocks in 
sunspots, such as umbral 
flashes (localised transient 

brightenings that can be seen 
in the right-hand side panel of 
the featured movie). 

The extremely high spatial 
and temporal resolution 
observations to be provided 
by the future 4-metre 
European Solar Telescope 
will allow us to better 
understand both the nature 
and dynamics of extremely 
small-scale features in 
sunspot umbrae. EST will 
therefore help us to better 
understand the complex 
physics of our local star.

The images were taken with 
the CRISP instrument at the 
Swedish 1-m Solar Telescope 
(La Palma, Spain) over a 40 
minute period on the 28th 
of July 2014. They show the 
various dynamical processes 
occurring within sunspots at 
multiple atmospheric layers. 
The photosphere on the left 
is relatively stable with only 
slow evolution apparent, 
but the time series on the 
right displays the highly 
vibrant solar chromosphere, 
including the umbral flashes 
previously discussed.

Watch full movie at https://tinyurl.com/est0011
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How Dynamic 
is our Sun?

The Sun is a Rosetta stone 
to understand the diverse 
physical processes in our 
universe. Various ground and 
space-based observations 
have revealed that it is 
a highly dynamic and 
magnetised ball of plasma. 
It has an atmosphere, quite 
different from the one of 
Earth, with the photosphere 
and the chromosphere 
forming its lower layers.

Magnetic fields generated in 
the interior of the Sun by a 
dynamo mechanism emerge 
on the photosphere, where 
they appear as dark sunspots 
or pores (see the lower left 

panel of the image) and 
bright faculae, forming the 
so-called active regions. 

The configuration of the 
magnetic fields in these 
active regions is dipolar, with 
the magnetic field vector 
pointing radially outward 
and inward (white and black 
patches in the magnetic 
field images shown in the 
middle column of the figure, 
respectively). 

Because of the Doppler 
effect, spectral lines are 
blueshifted when the solar 
plasma is moving towards 
the observer and redshifted 

The Sun is a Rosetta stone to understand 
physical processes in our universe 

By Dr. Sowmya Krishnamurthy, J. Sebastián Castellanos 
Durán and Dr. Andreas Lagg, Max Planck Institute for 
Solar System Research (Germany)

when moving away from 
the observer. This Doppler 
motion can be measured 
and is presented as blue and 
red patches in the velocity 
images shown in the last 
column of the figure. Various 
physical processes on the 
Sun cause the plasma to 
move with speeds exceeding 
the local sound speed, that is, 
they are supersonic.

The chromosphere becomes 
visible to the human eye as a 
narrow, red ring at the solar 
limb when the solar disc is 
blocked by an artificial mask 
or during a total solar eclipse. 

Astronomical instruments 
make the chromosphere 
visible not only at the limb, 
but also on the disc, by 
producing narrow-band 
images in the various 
spectral lines. A prominent 
example is the He I 10830 
spectral line in the near-
infrared wavelength          
range, presented in the 

intensity panel at the top      
left of the image. 

The chromosphere is 
inhomogeneous and less 
dense but hotter than the 
photosphere and is known to 
host supersonic flows. Some 
mechanisms responsible for 
these motions are linked to 
the presence of magnetic 
fields. Studies of flows and 
fields in the solar atmosphere 
are therefore crucial to 
decipher the structure and 
dynamics of the Sun.

The multi-wavelength 
observations of the European 
Solar Telescope will allow 
us to see the distribution 
and evolution of matter 
and magnetic fields in 
the solar atmosphere in 
unprecedented detail. This 
will help answer questions 
such as how the solar corona 
heats up to several million 
degrees, how the solar 
dynamo produces magnetic 
fields, or what causes the 
eruptions of solar plasma 
into the heliosphere.
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Features of 
the Solar 
Chromosphere

One of my supervisors 
once told me that the solar 
corona is “magnetism made 
visible”. However, our vision 
of this magnetism remains 
hazy in the chromosphere, 
the narrow region of 
dynamic change between 
the pressure-dominated 
photosphere, and the 
magnetically dominated 
corona.

In the chromosphere, 
fibrils and spicules can be 
observed. They are thin, 
elongated swaying structures 

around 180 km wide and up 
to 400 km long. Thanks to 
intensity-only observations, 
we know that waves pass 
along them. 

To what extent do fibrils and 
spicules follow magnetic 
field lines, and under what 
conditions? Where does the 
mass of these structures 
come from, and to which 
regions does it flow? How 
much of the material 
contained in fibrils or 
spicules is actually heated to 
coronal temperatures? 

High-resolution spectropolarimetry 
is needed to better understand the 
magnetism of the chromosphere

By Dr. Malcolm Druett, Stockholm University (Sweden)

To answer these questions 
and evaluate our simulations 
requires clearer intensity 
images taken with very 
narrow wavelength filters, 
and spectropolarimetric data.

With a 4-metre primary 
mirror, the latest adaptive 
optics, and integral-field 
spectropolarimeters, the 
European Solar Telescope 
will provide the sharp eyes 
needed to investigate the 
magnetic stitch-work of 
the chromosphere. It will 
provide joined-up science, 

helping to link field lines 
and flux emerging from 
the photosphere to these 
enigmatic chromospheric 
structures, as well as 
linking others upward to 
the breathtaking loops and 
twisted flux ropes that extend 
through the solar corona.

The image shows the 
temperatures of horizontal 
cuts from a numerical 
simulation of the solar 
atmosphere covering an area 
of 24 000 km by 24 000 km, 
with a pixel size of 48 km. 

The cuts are taken at heights 
of 3500, 2900, and 1900 km 
(top row), and 1000, 0, and 
-200 km (bottom row) in 
the solar atmosphere. Note 
the long fibril structures in 
the chromosphere (upper 
row) and convection 
cell granulation in the 
photosphere (middle and 
right panels of the lower row). 
Because fibrils are generally 
denser and cooler than 
the surrounding material, 
the colour scale in the 
chromospheric pictures (first 
four panels) was inverted. 

Watch full movie at https://tinyurl.com/est0031
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The Importance
of Solar Eruption 
Prediction 

Eruptions of particles, 
radiation, and plasma from 
the Sun can impact a range 
of vital technologies on Earth 
and in the near-Earth space 
via a phenomenon called 
space weather. 

With potential impacts 
ranging from global 
navigation and radio 
communication disruption, 
power grid failure, spacecraft 
instrumentation damage, and 
increased radiation exposure 
to astronauts, space weather 
forecasts have become 
important for a variety of end 

users worldwide. Even the 
general public is interested 
in finding out when they 
might spot the aurorae, the 
spectacular light displays in 
the night sky caused by the 
solar wind. 

There is an increasing need 
to improve the accuracy of 
space weather forecasts as 
society becomes ever more 
dependent on technology 
and space exploration moves 
further away from Earth. 
However, space weather 
prediction is still in its 
infancy, and we are at least 

In a world increasingly dependent on 
technology, predicting space weather is key

By Dr. Sophie Murray, Trinity College Dublin (Ireland)

20-30 years behind weather 
forecasting in terms of 
forecast accuracy.

Understanding the processes 
and sources involved in the 
solar eruptions that cause 
extreme space weather 
events is key to improving 
predictive capability. There 
are still many unanswered 

scientific questions regarding 
what are the important 
features on the surface and 
in the atmosphere of the 
Sun that might trigger big 
eruptions. 

The future European Solar 
Telescope will observe the 
solar surface and atmosphere 
with unprecedented detail, 

the starting point of these 
extreme space weather 
events. This significant 
increase in observing 
capabilities will help 
scientists better study 
these fundamental 
processes, and an improved 
understanding of the Sun will 
ultimately aid space weather 
forecasting efforts. 

 
Graphic highlighting a variety of space weather impacts on technological infrastructure at Earth / Image: ESA.
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When is an Active 
Region about 
to Flare?

This image comes from a 
movie showing the evolution 
of active region (AR) 11158 
during its first five days of 
appearance in February 
2011, as observed from 
space by the Helioseismic 
and Magnetic Imager (HMI) 
instrument onboard the   
Solar Dynamics Observatory 
(SDO) of NASA. 

As the active region emerges 
in the solar photosphere, it 
grows in size and complexity, 
developing regions of 
closely neighboring opposite 

magnetic polarities (shown 
in black and white), which 
also exhibit strong shearing 
motions. These features 
are called magnetic polarity 
inversion lines (MPILs) 
and indicate vast amounts 
of free magnetic energy, 
available to power flares 
and coronal mass ejections 
(CMEs). These phenomena, 
albeit spectacular, can be 
hazardous for our technology 
on Earth and space. 

To accurately predict solar 
eruptions, either through 

To accurately forecast solar eruptions, 
appropriate predictors are needed

By Dr. Ioannis Kontogiannis, Leibniz-Institut für 
Astrophysik Potsdam (Germany)

conventional statistical 
methods or machine 
learning, we use appropriate 
predictors. These are 
parameters that quantify the 
importance and strength 
of MPILs and the amount 
of complexity of the active 
regions. The evolution of 
some predictors for AR 
11158, as it grows, is also 
shown in the image.

Usually, predictor values 
increase significantly a few 
hours before eruptions. 
Some predictors may refer 
to physical quantities, such 
as the amount of electric 
currents that are injected 
to the corona or the total 
magnetic flux of the active 

region. Others may be 
proxies of the free magnetic 
energy, such as the “Ising 
energy”, which depends on 
the length of all possible 
connections between 
opposite polarity pairs, or 
the “effective connected 
magnetic field strength”, 
which is a measure of the 
magnetic flux associated 
with these connections. 

Even though we are in the 
era of systematic solar 
observations from space, 
prediction of solar eruptions 
is still probabilistic. This is 
partly because the magnetic 
information that we have is 
limited to the photosphere, 
whereas we know that the 

energy release takes place 
at higher atmospheric 
layers. In the future, more 
accurate measurements of 
the magnetic field, extending 
also to higher atmospheric 
layers, will open a new 
window and will allow us to 
probe layers closer to the 
ones where energy release 
takes place. The advanced 
instrumentation of the future 
European Solar Telescope 
can help us understand these 
eruptions and produce better 
predictors and more accurate 
forecasting models.

For more information, see 
Kontogiannis et al, 2017, Solar 
Physics and Kontogiannis et 
al, 2018, Solar Physics. 

Watch full movie at https://tinyurl.com/est0012
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So, even the Sun 
Struggles to Lift 
Heavy Objects?

Filaments/prominences 
are clouds of cool plasma 
suspended above the 
surface of the Sun and 
embedded within the much 
hotter corona. In fact, the 
reason that the filament 
and prominence plasma 
remains cool, despite 
being surrounded by hot  
coronal material, and does 
not simply fall back to the 
surface of the Sun due to 
gravity, is the magnetic field 
of the Sun. In particular, a 
magnetic structure with the 
topology that resembles 

a rope, called a magnetic 
flux rope, is believed to be 
responsible. These structures 
that protrude from the solar 
surface, arc into the corona, 
and return to the solar 
interior a short distance away 
(forming half of a toroid) 
contain concave-up dips 
relative to the surface. These 
dips are capable of holding 
and insulating the plasma 
above the solar surface.

Over the last few decades 
it has been shown that the 
destabilisation of these 

Understanding mass is important for 
solar eruption prediction 

By Jack Jenkins, University College London (UK)

 
Filaments observed top down, captured by NASA’s Solar Dynamics Observatory, a satellite orbiting the Earth.

magnetic flux ropes can lead 
to the large-scale eruptions 
that are frequently observed 
to originate within the solar 
atmosphere. After erupting, 
these bundles of magnetic 
field and plasma are called 
coronal mass ejections 
(CMEs) and are able to travel 
through space, possibly 
interacting with the Earth. 
When this happens, we can 
be treated to the wonderful 
light shows that are the 
Northern Lights, or it can have 
more negative effects on our 
modern global infrastructure, 

such as disabling the 
satellites that control the GPS 
in your phone. That is the 
reason why it is so important 
to understand solar eruptions.

Despite the fact that these 
structures are clearly massive, 
previous work has focused 
on magnetic forces alone. But 
we have recently discovered 
that mass is very important 
in determining the timing, 
and hence prediction, of 
the eruption. To understand 
how important it is, we need 
more observations to be able 

to characterise the delicate 
balance between magnetic 
field and mass on both short 
and long time-scales. 

The European Solar 
Telescope will have the 
ability to simultaneously 
measure the magnetic field 
and properties of the plasma 
using Integrated Field Units 
(IFUs). This new technology 
will yield observations that 
will greatly improve our 
understanding of how the last 
piece of the puzzle, mass, 
influences solar eruptions.

Watch full movie at https://tinyurl.com/est0013
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Surges are tens of thousands kilometres 
long, but observing them at smaller 
scales is needed to understand them

By Dr. Daniel Nóbrega Siverio, Institute of Theoretical 
Astrophysics, University of Oslo (Norway)

Cool Solar 
Ejections the Size 
of the Earth

 
Temperature map from a numerical simulation showing a surge. / Image: Nóbrega-Siverio et al. (2018).

Surges are solar ejections 
with typical sizes of tens of 
thousands of kilometres. This 
implies they are as large as 
the Earth or even bigger.

They are composed of 
cool plasma; but for solar 
standards, cool means a 
few thousands degrees: 
way enough to melt steel! 
Moreover, surges are 
ubiquitous and usually 
appear in relation to other 
eruptive phenomena that 

also perturb the atmosphere 
of our closest star. This 
makes surges a really 
interesting topic to study.

In spite of their huge size, a 
full understanding of those 
ejections implies observing 
the smallest scales in order 
to unravel them, so how can 
we achieve this if the Sun is 
about 150 million kilometres 
away from the Earth? 

The answer is the European 

Solar Telescope, the most 
ambitious next-generation 
solar telescope. This 4-metre 
telescope will be the largest 
one in Europe, specialising 
in high spatial, spectral and 
temporal resolution, together 
with extremely high magnetic 
field sensitivity. 

Thanks to the capabilities 
of the European Solar 
Telescope, we will able to 
capture the elusive details of 
the physical processes that 

lead to surges, thus providing 
unprecedented quality data 
to analyse and compare with 
state-of-the-art numerical 
simulations that are carried 
out in large supercomputing 
facilities. This will provide 
a unique joint perspective 
between observations and 
theory, helping us to solve 
the pieces of the solar 
atmosphere puzzle.

The image displays a 
temperature map from a 

magnetohydrodynamic  
numerical simulation. The 
cool elongated vertical 
structure that resembles 
a fang in the middle of the 
image is a surge. It is located 
to the right of a dome-shaped 
structure composed of 
plasma that has emerged 
from the solar interior into 
the atmosphere. An image of 
the Earth is included to put 
into context the huge scale of 
this phenomenon (note that         
1 Mm equals 1000 km). 
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Unraveling the 
Nature of Jets 
Above Sunspots

The chromosphere above sunspots hosts 
a plethora of dynamic phenomena 

By Dr. Azaymi Siu-Tapia, Instituto de Astrofísica de 
Andalucía - CSIC (Spain)

Left: Chromospheric intensity map of a sunspot (NOAA active region 12553) observed with the CRisp Imaging SpectroPolari-
meter (CRISP) at the Swedish 1-m Solar Telescope (La Palma, Spain) on 16 June 2016. Right: Difference between the image 
on the left and a frame recorded 17 seconds before. The white solid lines delimit the umbral-penumbral boundary and the 
yellow arrows point to a penumbral microjet.

Above the visible surface 
of the Sun lies a nearly 
2 000 km thick layer of the 
Sun’s atmosphere, called 
the chromosphere, which is 
observed as a thin reddish 
ring during solar eclipses
due to the emission of 
hydrogen atoms.

The plasma or ionised gas 
in the chromosphere has 
a very low density, and its 
temperature behaves in an 
unexpected way: it suddenly 
increases with height, from 

about 4 000 degrees at the 
base of the chromosphere to 
tens of thousands degrees 
higher up.

The chromosphere remains 
an enigmatic layer. Not only 
because it is magnetically and 
dynamically very complex, 
but also because the 
chromospheric environment 
above sunspots hosts 
a plethora of dynamic 
phenomena, such as different 
kinds of waves, supersonic 
flows, brightenings, etc.

In 2007, images taken by the 
Japanese Hinode satellite 
unveiled the existence of 
elongated, jet-like brightenings 
occurring ubiquitously above 
sunspot penumbrae. The 
discovery of such small-scale 
transients, which were called 
penumbral microjets, soon led 
to investigate their physical 
and morphological properties. 

Those studies have revealed 
that the brightenings last 
around 1 minute, have very 
fast apparent rising speeds 

(of the order of 100 km/s), 
and are well aligned with 
the background magnetic 
field. They tend to appear at 
the boundary of penumbral 
filaments or in regions where 
the magnetic field inclination 
undergoes significant 
horizontal variations, such as 
the outermost parts of the 
sunspot penumbra.

Penumbral microjets might 
be a direct or indirect 
consequence of magnetic 
reconnection, a physical 

process in which magnetic 
energy is converted into 
kinetic and thermal energy 
through the rearrangement of 
magnetic field lines, but this  
is still an open question.

Major breakthroughs in  the 
understanding of penumbral 
microjets are expected with 
the future 4-metre European 
Solar Telescope, which will 
provide new measurements 
at unprecedented spatial, 
spectral and temporal 
resolutions, and sensitivity.
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High spatial and temporal 
resolution observations 
have shown the existence 
of ubiquitous small-scale 
swirling motions (more than 
10 000 at any given time 
across the Sun) with a mean 
radius of about 2000 km 
that last approximately 5-10 
minutes. Theory and mainly 
numerical simulations show 
that these are formed at the 
boundaries of convective 
cells about 1000 km in 
size called granules that 
correspond to bubbles of 
hot material rising from the 
sub-surface layers of the Sun 
(resembling bubbles of water 
in a boiling kettle). 

When these bubbles 
reach the solar surface, 
their material cools down 
and starts falling back 
towards their edges (called 
intergranular lanes), often in 
a swirling motion like water 
flowing in a bathtub. 

As intergranular lanes 
are also the locations of 
magnetic field concentrations 
called bright points, the 
downward swirling motions 
can sometimes subsequently 
cause the rotation of those 
magnetic features and of the 
plasma travelling upwards 
along them, forming a 
structure resembling a dust-

Small-Scale Solar 
Vortex Flows

EST will allow us to detect and follow 
small scale structures in several 
atmospheric layers simultaneously

By Dr. Kostas Tziotziou, National Observatory of 
Athens (Greece)

 
Long-duration vortex flow observed from above with the Swedish 1-m Solar Telescope 
in one of the spectral emission lines of hydrogen. It exhibits significant substructure 
in the form of smaller intermittent swirling motions. For context, 1 arcsec on the 
solar surface is equal to 725 km, so the solar area depicted in this image is about 60 
million square kilometres. 

swirling motions (see movie). 
Despite recent advances 
in observations, theory, 
simulations and modelling, 
the detection and precise 
physics of these swirling 
motions and how they 
transport energy in the 
solar atmosphere remain 
poorly understood. The 

European Solar Telescope, 
with its foreseen advanced 
instrumentation, will enable 
us to detect and follow such 
structures at even smaller 
scales simultaneously in 
several atmospheric layers, 
measure their magnetic field 
and investigate in detail their 
properties and dynamics.

devil or an upwards moving 
mini-tornado. Such a swirling 
structure can act as a 
channel for transferring mass 
and energy (often in the form 
of waves) from the lower 
atmosphere to higher layers.

Recently, such swirling 
motions have been also 
detected in observations of 
one of the spectral lines of 
hydrogen (H-alpha) that is the 
most abundant solar element. 
For the first time, a long 
duration (at least 1.7 hours) 
small-scale vortex flow event 
has been observed with the 
Swedish 1-m Solar Telescope 
(La Palma, Spain). This vortex 
flow has a radius of about 
2200 km and shows complex 
substructure as it seems to 
consist of several individual, 
intermittent, recurring smaller 

Watch full movie at https://tinyurl.com/est0014
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Damping of 
Compressive 
Waves in a 
Sunspot 
Atmosphere

Compressive waves, often 
identified from perturbations 
in intensity, are a common 
sight in sunspot observations. 

The strong magnetic fields 
of sunspots enable the 
propagation of compressive 
waves from the visible 
surface of the Sun, the 

photosphere (where the 
waves are believed to be 
generated), all the way up 
to the outermost layer of 
the solar atmosphere, the 
corona, where the waves 
eventually dissipate.

The image belongs to a 
movie showing the behaviour 

Sunspots, the dark spots on the Sun, 
harbour a multitude of waves and 
oscillations

By Dr. Krishna Prasad, Queen’s University Belfast (UK)

 
Observations of waves in a sunspot taken with the Dunn Solar Telescope and the Interface Region Imaging Spectograph (IRIS).

of the compressive waves 
observed in a sunspot across 
different layers of the solar 
atmosphere, from near the 
photosphere to the transition 
region (a thin layer beneath 
the corona). 

The left panel of the movie 
displays image sequences 
depicting the changes in 
the structure of the sunspot 
and the oscillatory pattern 
within the umbra (outlined by 
a white contour) at different 
atmospheric heights, whereas 
the right panel shows the 
respective normalised 

power spectra. Notably, the 
oscillatory power within the 
3-20 mHz range (the grey 
region in the image) increases 
up to a certain height, 
represented by Ca II K, and 
decreases at greater heights. 
In contrast, the corresponding 
energy flux decreases right 
from the photosphere, even 
in the layers where the 
oscillation power displayed 
increased levels. 

The reduction in the energy 
flux, nearly by a million units 
across those layers, implies 
a significant loss in the wave 

energy which, therefore, 
may be crucial for the solar 
atmospheric heating. The 
energy loss could be due to 
processes both dissipative 
(e.g., radiative losses, shock 
dissipation) and non-
dissipative (e.g., transfer 
to other wave modes), the 
contributions of which we  
are yet to decipher. 

The unprecedented multi-
wavelength and ultra-high-
resolution capabilities of the 
European Solar Telescope 
will be extremely useful in 
resolving such issues.

Watch full movie at https://tinyurl.com/est0015
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Novel Forecasting 
of Solar Eruptions

Predicting solar eruptions, like 
energetic flares and coronal 
mass ejections (CMEs), 
has become of paramount 
importance for our modern 
technology-based society. 

Intense flare eruptions can 
cause long-lasting radiation 
storms in the Earth’s upper 
atmosphere and trigger 
serious radio blackouts in our 
communication systems. 

Coronal mass ejections 
are potentially even more 
hazardous than flares. When 
a CME impinges upon the 
Earth’s upper atmosphere, 
the interaction could 

result in rather dramatic 
consequences in the 
functioning of a number of 
vital ground-based and space-
based infrastructures as they 
may be seriously damaged. 
Those infrastructures 
include oil/gas pipelines  
and power lines among 
the former, and satellites, 
telecommunications and  
GPS among the latter.

Scientists from Eötvös 
University have developed 
a new flare prediction 
algorithm, called the WG_M 
method. This method aims 
to analyse the dynamic 
evolution of the highly twisted 

Predicting solar eruptions has 
become of paramount importance for 
technology-dependent societies

By Dr. Marianna Korsós, Eötvös Loránd University (Hungary)

 
Highly twisted and sheared delta-spots like those in AR 11158 are very often sources of massive solar eruptions.  

and sheared delta-spots 
(see figure), which are very 
often sources of massive 
solar eruptions. A delta-spot 
is part of a magnetically 
complex active region visible 
on the solar surface. There, 
two small opposite-polarity 
sunspots become close 
to each other, but remain 
separated by the polarity 
inversion line (the red lines in 
between the black and white 
patches that represent the 
opposite polarities).

Two new characteristic 
pre-flare behaviours have 
been discovered with the 
WG_M method. Such flare-

precursors can provide 
important diagnostic 
information about the 
intensity and estimated onset 
time preceding the expected 
flare eruptions by many 
hours. The most interesting 
but not yet well-understood 
pre-flare behaviour is the 
“converging-diverging 
motion” of the barycentres 
of the opposite polarities in 
a delta-spot, just before an 
intensive flare occurrence.

The concept of the WG_M 
method has been explored by 
applying it to magnetic field 
measurements of sunspots 
in the photosphere and also 

in the chromosphere. 

This has revealed that the 
characteristic “converging-
diverging motion” of the 
pre-flare behaviour shows in 
fact its earliest signs in the 
chromosphere, exactly at the 
heights where flares usually 
occur. This discovery enables 
us to estimate the flare onset 
time much earlier than was 
possible before.

There is now a crucial need 
to measure magnetic fields 
in the chromosphere, which 
is precisely one of the central 
aims of the next-generation 
European Solar Telescope.
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The Second Solar 
Spectrum: a New 
Look at the Sun

Most of our knowledge about 
the solar atmosphere comes 
from the analysis of the light 
emerging from the Sun. The 
basic properties of light, and 
of electromagnetic waves in 
general, are its propagation 
direction, intensity, wave-
length and polarisation.

As the human eye cannot 
perceive it, polarisation is 
certainly the less familiar 
of these properties. To 
understand it, one must recall 
that an electromagnetic 

(EM) wave is characterised 
by oscillating electric and 
magnetic field vectors that 
lie in the plane perpendicular 
to the propagation direction. 
The electric and magnetic 
fields can be arbitrarily 
oriented in such a plane. 
The polarisation is the 
characterisation of this 
degree of freedom.

The electric and magnetic 
fields may oscillate along a 
given direction or describe 
a circle. In these cases, one 

A whole new Sun unveiled through 
the use of linear polarisation

By Dr. Luca Belluzzi and Dr. Ernest Alsina Ballester, 
Istituto Ricerche Solari Locarno (Switzerland)

says that the radiation is 
linearly polarised or circularly 
polarised, respectively.

Polarisation should be 
expected whenever the 
physical processes involved 
in the generation of the 
electromagnetic radiation are 
not isotropic. An example is 

the anisotropy introduced by 
the presence of an external 
magnetic field. Interestingly, 
the radiation coming from 
non-magnetised regions 
close to the edge of the 
solar disc (limb) is linearly 
polarised, parallel to the limb. 
The origin of this polarisa-
tion is the scattering, by 

atoms and molecules, of 
the radiation propagating in 
the solar atmosphere, which 
presents some anisotropy, 
being more intense in the 
outward direction than in 
the inward direction. The 
degree of linear polarisation 
of the limb radiation varies 
with wavelength, showing a 

 
Intensity spectrum (upper panel) and second solar spectrum (lower panel) between 510 and 511 nm. The second solar spectrum 
is given in terms of the ratio between Stokes Q, which quantifies the linear polarisation, and the intensity I. The dashed line 
represents the continuum polarisation level. Some strong spectral lines in the intensity spectrum just produce a “depolarisation” 
of the continuum, while several molecular lines (C2 and MgH), which can be hardly distinguished in intensity, produce clear 
polarisation signals. Observation carried out at IRSOL with the Zürich Imaging Polarimeter. 
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complex spectrum called the 
“second solar spectrum”. 

This spectrum is very 
different from the usual 
intensity spectrum. Many 
“strong” lines in the intensity 
spectrum do not feature 
significantly in the second 
solar spectrum, while many 
“weak” lines, produced 
by uncommon chemical 
species, such as rare earth 
elements or molecules, 
may give rise to large linear 
polarisation signals, as 
shown in the first figure.

The signals of the second 
solar spectrum are sensitive 
to the presence of a magnetic 
field through the Hanle 
effect. This mechanism 
allows investigating 
particular aspects of the 
solar magnetism, which 
remain hidden to traditional 
diagnostics based on the 
Zeeman effect.

The second solar spectrum 
thus represents a precious 
new diagnostic window 
for investigating the solar 
atmosphere, most notably 
regarding its magnetic 
properties. It opens a new 
window not only for studying 
the solar atmosphere, but 

also for gaining new insights 
into the physics of matter-
radiation interaction. 

Indeed, certain features of 
this spectrum are signatures 
of quantum phenomena 
occurring at the atomic level 
that cannot be reproduced 
in the laboratory, as they 
only show up in an extended 
plasma like the solar 
atmosphere. An interesting 
example is the negative 
signal —indicating a change 
of the linear polarisation from 
parallel to perpendicular to 
the limb— that appears close 
to the neutral sodium line at 
589.6 nm (see second figure).

In addition, the second 
solar spectrum presents 
some enigmatic signals 
whose interpretation has 
puzzled solar physicists for 
years, leading to significant 
contributions to the theory. 
The most famous example 
is the signal observed in the 
core of the sodium line at 
589.6 nm (second figure).

With few exceptions, the 
polarisation signals of the 
second solar spectrum are 
weak, which explains why this 
spectrum has been unveiled 
only recently, thanks to the 

advent of polarimeters with 
sufficiently high sensitivity. 
With the currently available 
telescopes, most of the 
details of the second solar 
spectrum can be detected 
only by sacrificing the spatial 
and temporal resolution of 
the observations. To reach 
the required sensitivity, one 
generally needs to make 

exposures of several minutes 
(during which the solar 
structures may evolve), and 
to average over large areas of 
the solar atmosphere (thus 
losing information about 
specific structures).

With the European Solar 
Telescope it will be possible 
to conjugate high spatial and 

temporal resolution with 
high polarimetric sensitivity. 
This will increase the 
diagnostic potential of the 
second solar spectrum, and 
we can safely bet that new 
unexpected features will 
appear, thus opening new 
challenges, most probably 
laying on the border between 
solar and theoretical physics. 

Intensity spectrum (upper panel) and second solar spectrum (lower panel) of the Na I D1 line at 589.6 nm. The linear 
polarisation profile in the second solar spectrum shows an overall anti-symmetric pattern, and a clear signal in the line-core 
region. Such line-core signal was not expected, and its theoretical interpretation is still debated. Note also the negative signal 
at shorter wavelengths, discussed in the text. This observation was carried out at Istituto Ricerche Solari Locarno (IRSOL) with 
the Zürich Imaging Polarimeter (ZIMPOL).
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Space-Filling 
Penumbral 
Filaments

Caused by strong magnetic 
fields, sunspots typically 
consist of a darker, inner 
region called the umbra, 
and a lighter region that 
surrounds it, the penumbra.

Early telescopic observations 
already showed the 
filamentary nature of the 
penumbra. In recent years, 
observations with state-of-
the-art instruments have 
shown that those filaments 
are nearly radially aligned 
around the umbra, and that 

strong and weak magnetic 
fields are interlaced with each 
other along the azimuthal 
direction. Observations also 
show that, no matter their 
position, penumbral filaments 
exhibit bright heads near the 
umbra and dark cores along 
their central axes.

Understanding the structure 
of the penumbra is key to 
better understanding the 
overall structure of sunspots. 
Actually, even though the 
mean magnetic field strength 

The structure of the penumbra holds the 
key to better understanding sunspots

By Dr. Mariarita Murabito, INAF-Osservatorio 
Astronomico di Roma (Italy)

Sharp view of the solar photosphere 
obtained on 20 May 2016, 13:53 UT with the 
IBIS spectro-polarimeter (Fe I 617.3 nm line) 
at the Dunn Solar Telescope (USA). One can 
see remarkable details in the large sunspot 
of NOAA active region 12546 observed near 
the central meridian. / Image: Murabito et al. 
(2019) and Stangalini et al. (2018).

in the penumbra is lower 
than in the umbra, its larger 
surface area implies that 
a significant fraction of 
the sunspot magnetic flux 
emerges through it. However, 
the overall structure of the 
penumbra and the height 
stratification of the magnetic 
field in these regions are still 
not fully understood.

The 4-metre European Solar 
Telescope will allow for 
higher spatial resolution and 
polarimetric accuracy, as well 
as simultaneous observations 
of the photosphere and 
chromosphere. These new 
capabilities will be key to 
fully depicting the three-
dimensional nature of the 
magnetic field vector in 
sunspot penumbral regions.
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Studying Solar 
Pores with EST

Pores are “naked” sunspots 
without a penumbra. They 
appear when a strong 
magnetic field emerges 
through the solar surface 
and inhibits the convective 
transfer of heat from lower 
layers —that is why pores 
look dark. If the magnetic flux 
increases, the field becomes 
strongly inclined at the edge 
of the pore, the penumbra 
is formed, and the pore 
transforms into a sunspot.

Pores —which are themselves 
“small” (1000 - 6000 km in 
diameter)— contain much 
smaller bright structures, 
which indicate that the 
convective heat transfer 

from below is not completely 
suppressed. Dispersed 
magnetic fields around the 
pores also produce small 
bright points and chains in 
lanes between solar granules.

Thanks to their relatively 
simple magnetic field 
configuration, pores are a 
good opportunity to study 
interactions between the 
magnetic field and moving 
plasma in the photosphere. 
Since such processes take 
place on very small spatial 
scales, the extremely 
high resolution of tens of 
kilometres provided by the 
European Solar Telescope, 
will be fully utilised.

Solar pores are “naked” sunspots 
without a penumbra

By Dr. Michal Sobotka, Astronomical Institute of the 
Czech Academy of Sciences (Czech Republic)

 
Solar pores in NOAA active region 11516. The image was obtained with the Vacuum Tower Telescope in Tenerife on 
2012 July 1 at 430 nm. / Image: M. Sobotka (AICAS) and C. Denker (AIP).
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The Magnetism 
of the Solar 
Polar Regions

The solar poles do not have sunspots 
but are pervaded by ubiquitous 
magnetic fields

By Dr. Adur Pastor Yabar, Leibniz Institute for 
Solar Physics (Germany)

Circular polarisation map of the north polar region taken with the Swedish 1-m Solar Telescope on La Palma (Spain), using the 
photospheric Fe I 617.3 nm spectral line. The purple contours show the position of a coronal hole, as observed by SDO/AIA. 

Solar polar regions are those 
areas above +/- 60 degrees 
of latitude of the Sun. They 
do not easily catch the 
attention of the observer as 
they are devoid of sunspots. 
Yet they are pervaded by 
much weaker magnetic fields, 
only detectable with special 
instrumentation, which 
usually have the same polarity 
all along each polar region.

The dominant polarities in the 
two polar regions are usually 
of opposite sign (i.e. if the 

northern region is positive, 
the southern would be 
negative, and vice versa), 
resembling a huge magnet. 
Actually, the interplanetary 
magnetic field —the space 
through which planets orbit 
the Sun— is rooted in the 
polar regions.

The observation of the solar 
poles is quite challenging, 
as the Earth orbits the Sun 
in such a way that it is only 
possible to see them during 
certain periods of the year, 

and even then only a little. 
Furthermore, polar magnetic 
fields —rooted in the solar 
surface— extend to the 
upper layers of the solar 
atmosphere, becoming a 
coupled system through 
various layers. This is usually 
handled by observing several 
spectral lines that encode 
information from different 
atmospheric layers.

The high-resolution, multi-
wavelength capabilities 
of the 4-metre European 

Solar Telescope will allow 
new insights to deepen our 
understanding of the polar 
regions’ magnetism.

The image illustrating this 
article is a mosaic of 17 
maps taken with the Swedish 
1-m Solar Telescope on La 
Palma (Spain), using the 
Fe I spectral line at 617.3 nm. 
This line is formed in the solar 
photosphere. The field of view 
of the telescope was not large 
enough to observe the whole 
polar region, so several data 

sets were acquired in order  
to cover it completely. 

The colour scale represents 
the circular polarisation signal, 
which can be used as a proxy 
to the magnetic field: the 
whiter the colour, the stronger 
the magnetic field. The purple 
contour highlights the region 
occupied by a coronal hole 
(areas where the solar corona 
is colder, hence darker, and 
has lower-density plasma 
than average), as observed by 
the AIA instrument on SDO. 
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High Cadence 
Observations of 
Flaring Kernels

Since 2003 we have been 
carrying out a long term 
program of high-time 
resolution spectral and 
imaging observations of 
flaring kernels in solar flares. 
To that end we use the 
unique capabilities of the 
Multi-Channel Subtractive 
Double-Pass (MSDP) 
spectrograph attached to the 
53-cm Large Coronagraph 
(LC) or the 15-cm Horizontal 
Telescope (HT) at Białkow 
Observatory, which belongs 
to the  Astronomical Institute 
of the University of Wroclaw. 

Thanks to the exceptional 
properties of the MSDP 
spectrograph, we simultane-
ously collect two kinds of 
data: quasi-monochromatic 
images of the observed 
structures across the entire 
field of view (which measures 
41 x 325 arcsec2 in the 
case of the LC and 119 x 
942 arcsec2 in the case 
of the HT), and complete 
H-alpha line profiles for all 
pixels in the images. The 
data are recorded at an 
unprecedented cadence of 20 
spectral images per second.

Rapid two-dimensional observations of 
solar flares with imaging spectrographs

By Dr. Krzysztof Radziszewski, Astronomical Institute 
of the University of Wrocław (Poland)

With such measurements,  
we study basic processes 
that occur during the 
interaction of non-thermal 
electrons and plasmas 
in solar flares. These 
include the response of the 
chromospheric plasma to 
the impulsive heating caused 
by beams of non-thermal 
electrons, variations in the 
location and vertical extent of 
the energy deposition layer, 
and variations in the cross-
section of magnetic flaring 
loops, among others. So far, 
we have collected more than 

a hundred  observations. In 
the case of big and slowly 
evolving structures, like 
prominences, we can record 
a much bigger FOV of 300 
x 500 arcsec² (LC) or 900 x 
1200 arcsec² (HT), but with a 
moderate time resolution of 
20 seconds. 

The figure shows an eruptive 
prominence observed with 
the MSDP spectrograph in 
the centre of the H-alpha line 
and two examples of line 
profiles in emission (P1 and 
P2). The dynamic response 

of the chromospheric 
plasma to the abrupt local 
heating in a sub-second 
time range calls for very 
high-temporal resolution 
observations collected at the 
highest spectral and spatial 
resolutions possible.

The 4-metre European Solar 
Telescope will offer new 
and exciting opportunities 
to investigate solar flares 
and their individual sub-
structures with observations 
of unprecedented spatial 
and temporal resolution.
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Supersonic 
Evershed 
Downflows

Sunspots are dark features 
on the solar surface due to 
the presence of a strong 
magnetic field. 

At the beginning of the 
20th century, two crucial 
discoveries were made: 
sunspots are related to 
magnetic fields, and the light 
coming from the penumbra 
is affected by the Evershed 
flow —a radial outflow of 
gas that rises in the umbra 
and disappears at the outer 
penumbral boundary.  A 

century later, the fine 
structure of the penumbra 
has been resolved for the 
first time. 

Present-day observations 
allow us to corroborate the 
existence of small-scale 
penumbral features. A prime 
example are supersonic 
downflows, that is, mass 
motions sinking into deep 
atmospheric layers at a 
velocity that exceeds the 
speed of sound in the 
photosphere (about 6.5 

Supersonic Evershed donwflows 
cause small brightenings in sunspot 
penumbrae

By Dr. Sara Esteban Pozuelo, Instituto de Astrofísica 
de Canarias (Spain)

kilometres per second).
The search for supersonic 
downflows is difficult, mainly 
because it requires very 
high spatial and spectral 
resolution. Recently, we have 
detected them using data 
from the Swedish 1-m Solar 
Telescope (La Palma, Spain), 
allowing us to characterise 
their physical properties and 
temporal evolution.

The figure displays the 
line-of-sight velocity of a 
portion of a spot and its 
nearby quiet Sun area. The 

right part of the penumbra 
is predominantly blue while 
the left one looks redder. 
Due to projection effects, the 
penumbral regions located 
closer to us appear bluer, 
because plasma motions are 
pointing toward us. Farther 
areas are redder since 
plasma moves away. This 
is the manifestation of the 
Evershed flow. 

Two compact red patches 
have been highlighted in 
the figure  Their circular 
polarisation signals reveal 

supersonic velocities of more 
than 7 km/s. A thorough 
study of these features 
suggests that the supersonic 
downflows are abruptly 
stopped in deeper (and 
denser) layers, producing a 
temperature increase which 
is visible as a brightening in 
continuum intensity images. 

The future European Solar 
Telescope will provide us 
with new “eyes” to observe 
and understand these flows 
and the various phenomena 
associated with them.

 
Supersonic downflows in a sunspot penumbra. / Image: Esteban Pozuelo et al., 2016, The Astrophysical Journal, 832,170.
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Lucky Imaging 
for High Quality 
Context 
Information

With the small field of view 
of a very high resolution 
solar telescope such as the 
4-metre European Solar 
Telescope, it is important 
to also have high quality 
context information to know 
which area of the Sun is 
most interesting to study.

This context information 
is provided by networks of 
small telescopes placed in 

different locations around 
the world, each producing 
images where the entire 
solar disc is visible. Several 
networks of this type already 
exist, and in addition, an 
upgraded one —called 
SPRING— is currently being 
developed as part of the 
SOLARNET H2020 project.

To improve the resolution of 
these context images, lucky 

How do scientists decide where to point 
high-resolution solar telescopes?

By Emil Kraaikamp, Observatoire Royal de Belgique 
(Belgium)

 
An M-class flare is visible in active 
region NOAA 12644 (far right of the 
image). The picture is a result of 
lucky-imaging using the best 25% of 40 
frames taken in a 10 seconds window.

imaging will be employed to 
select those parts of images 
where distortions caused by 
looking through the turbulent 
Earth atmosphere are, by 
chance, smallest. 

The lucky imaging technique 
generates a single higher 
resolution image made from 
the best parts of images 
within a small time window. 
These high quality context 
images will allow the EST to 

study the most interesting 
areas of the Sun, even 
though it can only see a 
small part of the Sun itself.

An example of such images 
is this picture of the Sun 
on the morning of April 2nd 
2017 at 08:00 UT, as seen 
through the 80-millimetre 
H-alpha telescope of the 
Uccle Solar Equatorial 
Table (USET) of the Royal 
Observatory of Belgium 

(ROB). An M-class flare is 
visible at the far right of 
the image in active region 
NOAA 12644. This image is 
the result of lucky-imaging 
using the best 25% of 40 
frames taken in a 10-second 
window, deconvolved to 
restore image details. 
To better show the faint 
prominences near the limb, 
the off-disc structures have 
been processed separately 
and are intensity inverted.
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Creating Space 
Telescope 
Quality Images 
with EST

Turbulence in the Earth’s atmosphere 
degrades image resolution. Adaptive 
optics try to address this problem

By Dr. Matthew Townson, Durham University (UK)

Top to bottom: solar image with no adaptive optics, conventional adaptive optics, 
and the new multi-conjugated adaptive optics being developed for EST. / Image: 
von der Lühe et al., 2005, Comptes Rendus Phys, 6(10), 1139.

Turbulence in the Earth’s 
atmosphere frequently 
degrades image resolution 
from ground-based 
telescopes, as seen in the 
upper image. To correct this 
effect, highly sophisticated 
instrumentation —known as 
adaptive optics— is used.

Typically, adaptive optics 
only corrects for turbulence 
in a small area of an 

image (middle picture). In 
contrast, the European Solar 
Telescope will be fitted with 
an adaptive optics system 
that will correct a wider 
field of view, to create high 
resolution images across 
significantly larger areas of 
the solar surface. 

These high resolution wide-
field images will allow us 
to better understand the 

dynamics occurring on the 
Sun at both large and small 
scales, as sen in the bottom 
image.

Correcting for the 
atmosphere across a wider 
field of view requires in-depth 
understanding of the complex 
turbulence layers within the 
Earth’s atmosphere, as well 
as where the turbulence 
is occurring within the 
atmosphere, and how to 
perform the correction.

In Durham, we use a variety 
of instruments to locate and 
measure the strength of  
turbulence, during both day 
and night. This knowledge 
will allow us to build a picture 
of typical atmospheric 
conditions, which enables 
us to identify the best 
location for the European 
Solar Telescope and to tune 
the adaptive optics system 
to give the highest spatial 
resolution possible.



39

The evolution of plasma and 
magnetic fields at different 
spatial and temporal scales 
is an essential topic of study 
in solar physics research. 

Based on the analysis of 
proper motions associated 
with various structures on 
the Sun (granules, bright 
points, umbral dots, and 
many others), we are able 
to infer their dynamics, and 
obtain information about 
how the plasma and the 

magnetic field are related 
during the evolution of a solar 
active region on large spatial 
and temporal scales. Highly 
temporally and spatially 
resolved data sets can even 
give us information about 
the quiet Sun.

While there is a wide variety 
of techniques to study proper 
motions from time series of 
solar images and magnetic 
field maps, the two most 
prominent ones are the Local 

Analysing proper motions is key to 
inferring the Sun dynamics on large 
spatial and temporal scales 

By Jose Iván Campos Rozo and Dr. Dominik Utz, 
University of Graz (Austria), and Dr. Santiago Vargas 
Domínguez, Universidad Nacional de Colombia

Correlation Tracking (LCT) 
algorithm and the temporal 
evolution of corks computed 
from horizontal velocity flow 
maps (so called cork flow 
maps because the particles 
used are like corks that float 
on water, dragged by the 
dominant currents).

The figure shows 
horizontal velocities in a 
solar active region with 
a delta configuration 
computed using the LCT 

algorithm (time average 
of 71 minutes). The white 
lines delineate the polarity 
inversion lines inferred 
from the corresponding 
magnetograms. The 
background represents 
the average G-band image 
from the time series. The 
black bar at coordinates 
(0,0) corresponds to 4 km/s. 
Coordinates are expressed in 
thousands of kilometres. 

The future 4-metre European 

Solar Telescope will provide 
much more detailed insights 
into the evolution of solar 
features due to its greatly 
improved temporal and 
spatial resolution, as well 
as its enhanced capability 
to observe various layers 
of the solar atmosphere 
simultaneously. In that way, 
we will be able to track with 
supreme detail the dynamics 
of the solar photosphere and 
the chromospheric regions
lying above. 

Application of the LCT algorithm to a time sequence of G-band images of an active region. Observations taken at 
the SST on La Palma (Spain) by S. Vargas Domínguez and J.A. Bonet (IAC).

Proper Motions on 
the Sun: Evolution 
of Solar Structures 

Watch full movie at https://tinyurl.com/est0016
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Arch Filament 
Systems

Arch filament systems (AFSs) 
and filaments are prominent 
chromospheric features.  
Both look like dark loops, but 
have different magnetic field 
configurations. Filaments are 
formed by cool dense plasma 
and are located between 
opposite polarities along the 
so-called polarity inversion 
line. In contrast, AFSs cross 
the polarity inversion line, 
connecting the two opposite 
polarities of newly emerging 
flux regions.

It was A. Bruzek who 
described these systems of 

fibrils for the first time and 
called them AFS. They have 
lengths of 20 000 - 30 000 
km. The width of a single 
AFS loop is typically only a 
few thousand kilometres, 
and the height of their arches 
varies between 5000 and 
15 000 km with a lifetime of 
about 30 minutes. However, 
some individual loops of 
AFS have heights of 25 000 
km (reaching even the solar 
corona) and lengths of 
20 000 - 40 000 km.

Generally, the shapes of 
AFSs do not vary for hours. 

Arch filament systems can shed light 
on how plasma evolve through different 
layers of the solar atmosphere

By Dr. Sergio J. González Manrique, Astronomical 
Institute of the Slovak Academy of Sciences (Slovakia)

 
Image: González Manrique et al., 2018, A&A, 617, A55.

However, significant changes 
can occur during episodes 
of flux emergence. AFSs 
typically vanish around three 
days after their formation.

Scientists studying the 
evolution and dynamics 
of AFSs have reported 
upflows in the centre of 
the arches (called loop 
tops) and downflows at the 
footpoints (the legs of the 
loops). The downflows reach 
velocities of 20-90 km/s 
(which are supersonic in 
the chromosphere) near the 
two footpoints of the AFS, 

whereas the loop tops rise 
with speeds of 1.5-20 km/s.

The image comes from a 
movie showing the Doppler 
shifts of an AFS observed 
in the He I 1083 nm line 
with the GREGOR Infrared 
Spectrograph (GRIS). The 
arch filaments connect 
two pores with opposite 
polarities. Blue and red 
colours represent up- and 
downflows, respectively. 
The time series of GRIS 
data covers about one 
hour and reveals persistent 
chromospheric downflows 

near the footpoints of the 
AFS (big patches in red). The 
original movie also shows 
maps of the He I 10830 line 
core intensity.

Thanks to its multi-
wavelength capabilities and 
high temporal resolution, the 
European Solar Telescope 
will make it possible to 
study flows and vector 
magnetic fields in AFSs with 
unprecedented detail. This 
will allow us to validate or 
refute current AFS models 
and provide new constraints 
for AFS formation theory.

Watch full movie at https://tinyurl.com/est0017
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Magnetic Flux 
Cancellation in 
the Solar 
Atmosphere

Flux cancellations occur 
when two magnetic elements 
of opposite polarity come into 
close contact and disappear 
partially or totally. This is a 
very common process in the 
quiet Sun. It is thought to be 
a manifestation of magnetic 
reconnection, in which field 
lines from different flux 
systems get connected 
and release energy. For this 
reason, flux cancellation may 

be an important source of 
heating for the outer solar 
atmosphere.

The latest analyses show 
that the cancellation of 
quiet Sun magnetic features 
in the photosphere is 
usually associated with 
localised heating events 
in the chromosphere. The 
temperature gets enhanced 
by more than 1000 K, so 

How are the outer layers of the solar 
atmosphere heated?

 
Photospheric magnetic field (left) and associated chromospheric/transition region intensities (right), as observed with the SST 
and IRIS at the centre of the solar disc. / Image: Gosic et al., 2018, ApJ 857, 48. 

flux cancellation represents 
an efficient way to heat the 
gas locally. However, the 
cancellation rates observed 
with current instruments 
are too small to explain 
the global heating of the 
chromosphere, which is 
ubiquitous. This suggests 
that other mechanisms like 
flux emergence are probably 
at work too. 

The 4-metre European Solar 
Telescope will be used 
to detect much weaker 

cancelling features and 
magnetic fields emerging into 
the quiet solar surface than 
is possible now, thus allowing 
us to determine their relative 
contribution to the heating of 
the outer solar atmosphere 
with unprecedented accuracy.

The figure shows a magnetic 
field map of the solar surface 
taken at the Swedish 1-m 
Solar Telescope (left panel) 
and a simultaneous image 
acquired by the IRIS satellite 
in the 1400 Å filter (right 

panel). The former samples 
the upper photosphere, while 
the latter corresponds to the 
chromosphere/transition 
region. Orange contours 
mark cancelling features 
in the photosphere. Those 
within green circles exhibit 
brightness enhancements in 
the chromosphere/transition 
region. The ones within red 
circles do not show any 
brightening. About 75% of the 
cancelling features produce 
brightness enhancements, 
but only locally.

By Dr. Luis Bellot Rubio, Instituto de Astrofísica de 
Andalucía - CSIC (Spain)



42

Shedding Light 
on the Past

The radiant energy from 
the Sun is the primary energy 
source to the Earth. Thus, 
knowledge of the solar 
radiative output is of crucial 
interest to Earth’s climate 
studies.

Direct measurements of the 
solar irradiance (which is the 
spectrally integrated energy 
flux per unit area at the mean 
Sun-Earth distance) are 
available since 1978. They 
show that the total solar 
irradiance varies by about 
0.1% in phase with the solar 
activity cycle, with sometimes 
even stronger fluctuations on 
time scales of days. 

On scales longer than a day, 
the variability is driven by the 
solar surface magnetic field, 
observable in the form of  
dark sunspots and bright 
faculae and plage.

The record of direct 
irradiance measurements 
is clearly too short to 
understand the solar impact 
on our complex climate 
system, which calls for 
reconstructions of past 
irradiance variations with the 
help of models. While state-
of-the-art models reproduce 
over 90% of the measured 
irradiance variability, 
reconstructions of past 

Shedding light on the past with a next 
generation telescope

By Dr. Theodosios Chatzistergos, INAF-OAR (Italy) and 
Max Planck Institute for Solar System Research (Germany)

 
Ca II K images from the Arcetri, Kodaikanal, Meudon, and Mt Wilson observatories taken on 01/03/1968 
(29/02/1968 for the one from Meudon). Shown are the original images (top row), calibrated and limb-
darkening compensated images (middle row), and maps showing the identified plage regions (bottom row). 
Image: Chatzistergos et al., 2019, A&A.

variability require suitable 
long-term proxies of solar 
magnetic activity.

Historical full-disc 
observations of the Sun in 
white light and in the Ca II K 
spectral line showing 
sunspots and facular regions 
are, thus, an invaluable 
source of information on 
past solar magnetic activity. 

Stored on photographic 
material and obtained with 
different instrumental set-ups 
changing over time, these 
data, however, require careful 
analysis and understanding 
of the physical processes 
in order to reliably convert 
the information from the 
photographs into stable 
long-term proxies of the 
solar magnetism.

By revealing the nature of 
magnetic fields on the Sun, 
the sensitive high-resolution 
observations to be taken 
with the European Solar 
Telescope will help us to 
understand these physical 
processes. They will also help 
us to improve our knowledge 
of the past solar activity and 
its influence on the Earth’s 
climate system.
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Coronal Rain

What if I told you that it rains 
on the Sun? “Yet another 
crazy scientist” —would be 
your answer!

Well, probably both are true. 
It does rain on the Sun! But 
it is a special kind of rain. 
Certainly not water, but 
plasma in a catastrophic 
cooling and condensation 
state. It is a phenomenon 
that we call coronal rain, 
a cousin of the famous 
prominences, and it is linked 
to the mechanism of thermal 
instability, which leads to the 
recombination of the free 
electrons in the fully ionised 
plasma of the solar corona.

The solar corona is the 
most external layer of the 
solar atmosphere and it is 

famous for its million Kelvin 
temperatures. Mysteriously, 
like snow flakes in the oven, 
the hot corona hosts large 
amounts of this hundred 
times cooler and denser 
material called coronal rain.

Among the images or movies 
about the Sun that have taken 
your breath away chances are 
your favourite one is about 
coronal rain. This spectacular 
phenomenon is seen as 
cool material seemingly 
appearing out of nowhere 
and streaming down along 
magnetic loops that compose 
most of the solar corona.

One of the most striking 
examples of coronal rain 
occurs during the decay 
phase of solar flares, when 

What if we told you that it rains on the Sun?

By Dr. Patrick Antolin, University of St Andrews (UK)

the flaring, overly dense loops 
cool down and show the cool 
material raining down along 
their legs.

Many mysteries still surround 
this phenomenon. Why is 
it clumpy and stranded? 
It seems ubiquitous over 
active regions, but how much 
of the solar atmospheric 
mass cycle does it actually 

represent? How likely is it that 
a loop will exhibit coronal rain 
during its lifetime? What is 
its link to the spatiotemporal 
properties of the coronal 
heating mechanisms? These 
and many other important 
questions make coronal 
rain a prime target for next 
generation instrumentation 
such as the 4-metre 
European Solar Telescope. 

The image is part of a movie 
that shows observations of 
NOAA active region 12367 
near the solar limb, and the 
associated coronal rain. 
The data were taken with 
the IRIS slit-jaw camera 
in the 1400 Å filter on 
2015 June 11. This filter 
samples plasma at upper 
chromosphere/transition 
region temperatures.

Coronal rain on AR 12367. / Image: IRIS (NASA, LMSAL) Watch full movie at https://tinyurl.com/est0018
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The surface of the Sun is 
covered with small cellular 
features called solar 
granules. Granules have a 
mottled appearance and 
are the result of convection 
below the photosphere.

Convection is a heat transfer 
mechanism involving the 
bulk motion of fluids, that 
is, gases and liquids. In the 
Sun, convection produces 
columns of hot rising gas just 
below the photosphere that 
are about 700 to 1000 km in 
diameter. The tops of these 

columns appear as bright 
gray-white cells in typical 
granulation images. The hot 
gas then cools off and sinks 
down in the relatively darker 
regions around each granule. 
This is similar to water 
boiling in a pot. 

Granules last for about 
10-20 minutes before they 
disappear. During this 
process, the hot gases rise 
and subsequently sink down 
with a velocity of several 
kilometres per second. Such 
values have been derived 

Horizontal 
Plasma Velocities 
on the Sun

Tracking horizontal velocities will help 
understand small-scale dynamical 
phenomena in the solar atmosphere

By Souvik Bose, Institute of Theoretical Astrophysics, 
University of Oslo (Norway)

from the gas motions 
directed towards or away 
from the observer, commonly 
called upflows and 
downflows. The upflows and 
downflows are accompanied 
by a horizontal motion 
of the gas, as soon as it 
appears on the surface. This 
horizontal motion is referred 
to as advection, and is a sub-
mechanism of convection. 

In other words, once the 
hot gases rise from the 
convection zone, they are 
“dragged” horizontally (on the 
solar surface) by advection 
before they cool off and 
sink down in the darker 
regions around a granule. 
This  results in a horizontal 
motion of the plasma that is 

CHROMIS observations of a 20,000 square kilometre area of solar granulation 
at the disc centre.

difficult to measure, unlike 
the upflows and downflows.

With the advent of the 4-m 
European Solar Telescope, 
the surface of the Sun will be 
observed with unprecedented 
detail, making it possible 
to track very small-scale 
horizontal velocities. Such 
measurements will help 
us understand the twisting 
motions responsible for 

the generation of both 
vortex flows and waves that 
propagate higher up in the 
solar atmosphere.

The image is a still from a 
movie showing the spatio-
temporal evolution of “corks” 
(orange coloured particles) in 
an area of 20,000 square km 
as observed by the CHROMIS 
instrument at the Swedish 
1-m Solar Telescope.

Watch full movie at https://tinyurl.com/est0019
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Gravity Waves in 
the Magnetised 
Solar Atmosphere 

The bubbling, hot surface of 
the Sun produces different 
kinds of waves. Some of 
them are also commonly 
found in Earth’s atmosphere, 
like internal gravity waves 
—the waves responsible for 
creating those fascinating 
striped bands of clouds that 
you might have occasionally 
seen. So, what is special 
about internal gravity waves 
on the Sun?

Unlike those found in the 

Earth, solar gravity waves 
have to pass through 
very strong magnetic 
fields. Studying the solar 
atmosphere gives us a unique 
peek into the behaviour of 
internal gravity waves in the 
presence of magnetic fields. 

So far, we have only been 
able to study the interaction 
of such waves and magnetic 
fields using computer 
simulations. However, 
with the help of advanced 

The restoring force of gravity waves is 
buoyancy, as opposed to pressure  

By Dr. Vigeesh Gangadharan, Leibniz Institute for Solar 
Physics (Germany)

telescopes like the European 
Solar Telescope, we will 
be able to look at them in 
more detail, and perhaps to 
discover phenomena even 
more fascinating than the 
striped clouds on Earth.

The image comes from a 
movie showing the solar 
disc in continuum intensity 
as observed by the Solar 
Dynamics Observatory (a 
space telescope) over a 
duration of 4 hours. The 

“bubbles” pop-up and disturb 
the stable layer just above 
the solar surface, exciting 
internal gravity waves in the 
solar atmosphere along with 
surface gravity waves near 
the surface, like ripples in a 
pond. Note that the movie 
does not show these waves. 

The bottom panels show 
intensity maps resulting 
from four different computer 
simulations of roughly 
the same area over the 

same duration. The four 
simulations have different 
total magnetic flux and the 
green regions show the 
location of strong magnetic 
fields of around 1000 Gauss.

More information about 
internal gravity waves in the 
solar atmosphere and how 
they can be detected is given 
in the following two articles: 
Vigeesh et al., 2017, ApJ,  
835, 148, and Vigeesh et al., 
2019, ApJ, 872, 166.  

Top: Solar disc in continuum intensity as observed by SDO. A small region of about 38,000 x 38,000 square kilometres 
is also shown. Bottom: Computer simulations of the solar surface with varying magnetic fields.

Watch full movie at https://tinyurl.com/est0020
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The Sun—Largest 
String Music 
Ensemble in the 
Solar System

In 2010, solar physicists at 
the Solar Physics and Space 
Plasma Research Centre of 
the University of Sheffield 
managed to record the 
musical harmonies generated 
by the solar magnetic fields 
in the outer parts of the solar 
atmosphere.

High-resolution images 
show that the solar corona 
is filled with large magnetic 

structures known as coronal 
loops. These loops, some 
of them over a few 100 000 
km long, have also been 
observed to undergo periodic 
(oscillatory) motions. When 
solar explosions, in the form 
of e.g. flares, “pluck” the 
magnetic field lines of those 
loops, they vibrate like strings 
- just like when a piano string 
is hit by a key. The frequency 
of these waves is below the 

human hearing threshold, 
so scientists increased it in 
order to make them audible 
to the human ear. 

The solar atmosphere is 
constantly pervaded by 
the music of the coronal 
loops. The 4-m European 
Solar Telescope, with its 
superb spatial and temporal 
resolution, will detect 
significantly smaller loops 

(still the size of the Earth) 
with much higher frequencies 
that are ubiquitous in the 
lower solar atmosphere. In 
fact, it is believed that, in 
the cromosphere, there are 
thousands and thousands of 
such small ensembles that 
continuously vibrate and emit 
“solar music”. Therefore, the 
Sun may possess the largest 
musical assembly in the 
entire solar system, and we 

just the need European Solar 
Telescope to hear this music.

The coronal music provides 
scientists with a unique tool 
to study the magnetic solar 
atmosphere, as the motion 
of the loops is determined by 
their local surroundings. This 
technique is known as solar 
magneto-seismology and is 
very similar to seismology 
methods on Earth.

The solar corona oscillates with 
thousands of different frequencies

By Prof. Robertus Erdelyi, University of Sheffield (UK)

Hear the sounds at https://tinyurl.com/est0021
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Chromospheric
Bursts up to 
Million Kelvin 
Temperatures 

One of the most intriguing 
enigmas in the Sun is the high 
temperature of its outermost 
atmospheric layer, the corona. 

Although one would expect 
the temperature of the Sun 
to be lower the further away 
from the surface, the reality 
is that the solar corona 
is much hotter than the 
photosphere: between 1 and 

3 million degrees, compared 
to only about 6 000 degrees 
on the surface.  

The recently discovered 
UV bursts may help explain 
this mystery. UV bursts 
are sudden and small 
(about 1500 km) increases 
in ultraviolet (UV) light 
emission, which can be up 
to 1000 times brighter than 

their surroundings. 

These UV bursts occur in 
regions where opposite 
magnetic polarities are 
close to each other: as 
the fields interact, their 
magnetic energy is converted 
into kinetic energy and 
heat.  When the interacting 
magnetic fields are strong 
enough, the bursts heat the

chromospheric plasma 
up to a few million-degree 
temperatures. As shown in 
the image, these events are 
observed at all wavelengths, 
from the chromosphere to 
the solar corona.

Thanks to its unprecedented 
view of the chromosphere, 
the Interface Region Imaging 
Spectrograph (IRIS) satellite 

has been invaluable in gaining 
insights about UV bursts.  

The 4-m European Solar 
Telescope, with its high 
spatial and temporal 
resolution, will allow us to 
further study the dynamics 
of UV bursts and to better 
understand their contribution 
to the heating of the Sun’s 
outer atmospheric layers.

Contrary to what one might think, 
the temperature in the solar corona is 
higher than in the surface. Why?

By Dr. Salvo Guglielmino, University of Catania (Italy)

Simultaneous images from the Helioseismic and Magnetic Imager (HMI) and Atmospheric Imaging Assembly (AIA) on board 
the Solar Dynamics Observatory satellite, together with images from the IRIS satellite taken on 13 April 2016. They show the 
signatures of an “UV burst” in multiple layers of the solar atmosphere, from the photosphere to the corona, observed above 
opposite magnetic polarities (black/white colours in the magnetogram).
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Shock-Accelerated 
Particles during 
CMEs

Coronal mass ejections 
(CMEs) are spectacular 
eruptions of billions of 
tonnes of hot gas travelling 
at millions of kilometres 
an hour. If they impact the 
Earth they can produce 
beautiful displays of the 
aurora, but also disruptions to 
communications, navigation 
systems, and power grids. It 
is to mitigate these potential 
technological disruptions that 
solar physicists study them. 

CMEs are powerful drivers 
of plasma shock waves that 

can accelerate particles up to 
relativistic speeds. Research 
into the solar eruption 
process has shown that 
these accelerated particles 
can produce bursts of 
radiation at radio wavelengths 
through plasma emission 
mechanisms. However, we 
still do not fully understand 
the relation between radio 
bursts and CMEs, partly due 
to previous limitations of low 
radio frequency imaging.

A study led by researchers 
at Trinity College Dublin 

Shock waves created by CMEs can accelerate 
electrons, generating radio bursts 

By Dr. Sophie Murray, Trinity College Dublin (Ireland) 

and University of Helsinki 
used multi-instrument 
observations of a CME event 
on September 10, 2017 to 
study this relationship in 
more detail. Radio data from 
the Low Frequency Array, 
LOFAR, together with images 
of the solar atmosphere 
from NASA, NOAA, and ESA 
spacecraft, were used to 
work out where particles are 
accelerated by the particularly 
large solar eruption that day.
 
This combination of high 
resolution observations 

Still from a video showcasing spa-
cecraft observations of a coronal 
mass ejection and a propagating 
extreme-ultraviolet (EUV) wave on 
10 September 2017. The contours 
highlight the associated radio 
emission observed by LOFAR, in-
cluding fine-structured radio shock 
signatures called herringbones. / 
Image: Diana Morosan (Trinity Co-
llege Dublin, University of Helsinki).

showed that the CME created 
a huge shock wave as it 
erupted from the Sun, which 
then accelerated electrons 
that generated radio bursts. 
This gave us an amazingly 
detailed insight into how solar 
eruptions work, and may help 
us to produce more accurate 
forecasts of when solar radio 
bursts occur and how they 
impact the Earth.

The 4-metre European 
Solar Telescope will 

provide unprecedented high 
resolution observations of 
sunspots, the regions where 
CMEs often originate. Using 
EST in combination with 
other instruments observing 
the Sun to study future 
eruptions like the September 
events will further improve 
our understanding of these 
phenomena.

For more information, see 
Morosan et al., 2019, Nature 
Astronomy, 3, 452. 

Watch full movie at https://tinyurl.com/est0030
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The Elusive 
Magnetic Field 
of Solar 
Coronal Loops

The magnetic field is the 
single most important 
factor that determines the 
structure and evolution of 
solar and stellar coronae. It 
is a fundamental parameter 
for solar and stellar physics, 
plasma physics, and space 
weather research. 

While measurements of 

the magnetic field in the 
solar photosphere are made 
routinely, measurements 
of the outer atmosphere’s 
magnetic field are rare and 
much more uncertain.

During September 2017, 
the Sun produced the 
most powerful flares and 
explosions of solar cycle 24. 

Luckily, some of these events 
were observed with the 
Swedish 1-m Solar Telescope 
on La Palma, Spain. We 
succeeded in observing 
magnetic loop structures  
that formed in the aftermath 
of a large solar flare. 

The above image shows the 
flare coronal arcade captured 

by our observations in the 
core of the H-beta line. The 
brightness of the loops 
allowed a uniquely clean 
estimate of the magnetic 
field strength to be made, 
and the spatial resolution 
gave unprecedented details 
of the loops.

This result is important for 

the upcoming 4-m European 
Solar Telescope. With its 
advanced polarimetric 
capabilities, the European 
Solar Telescope will provide 
powerful diagnostics of the 
coronal magnetic field.

For more details about this 
observation, see Kuridze et 
al., 2019, ApJ, 874.

Bright flare loops provide a great 
opportunity to measure chromospheric 
magnetic fields

By Dr. David Kuridze, Aberystwyth University (UK)
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Sausages on 
the Sun

Solar waves can be observed 
in features like pores, with 
some waves produced due 
to the motion of the material 
surrounding the feature. 
Imagine it like a cork floating 
in a pot of boiling water: when 
the water boils, bubbles of 
boiling water push the cork 
about as the bubbles change 
shape.

On the Sun, the bubbling 
motion of the granules around 
a pore is enough to produce 
sausage waves in the pore 
by ‘pushing’ it from all sides. 
As the size and shape of the 
pore varies over time, this 
causes an oscillation in its 

cross-sectional area. Since 
pores extend upwards in the 
solar atmosphere, like large 
tubes or funnels, the variation 
in diameter of the tube at 
different heights when such 
a wave is present makes it 
look a bit like sausage links. 
That is the reason for the 
term sausage wave. 

Sausage waves can transfer 
energy between regions 
of the solar atmosphere, 
and this can heat the gas 
in those regions. Therefore, 
by studying them more 
accurately, we hope to 
understand how the sausage 
‘cooks’ the Sun.

So-called sausage waves play an 
important role in atmospheric heating

By Dr. Peter Keys, Queen’s University Belfast (UK)

Unfortunately, our current 
understanding of these 
waves is somewhat limited, 
and there are only a handful 
of observations of them. 
Pores are the smallest 
features we can realistically 
identify sausage waves in at 
present, but we would like to 
study them in other features 
like magnetic bright points, 

which are smaller and more 
numerous across the quiet 
solar surface. 

To observe sausage waves 
in magnetic bright points, 
we need better spatial 
resolution. Also, we need 
more accurate magnetic 
field information in pores 
and bright points at various 

heights to understand the 
waves and their propagation 
better. These capabilities will 
be provided by the European 
Solar Telescope.

Videos of simulated sausage 
waves can be found on the 
website of the Solar Wave 
Theory Group at University 
of Sheffield (UK).

The figure on the left is adapted from Keys et al., 2018, ApJ, 857, 28. The bottom of the stack is the magnetic field information 
from the Solar Dynamics Observatory. Above is an image of a pore taken with ROSA at the Dunn Solar Telescope. The blue box 
shows the region used to make a zoom in the third image. Blue contours in the zoom represent the edge of the pore. Above 
this, the image with white arrows shows the motion of the pore boundary over time, indicating a sausage wave. On the right 
side, there is a cartoon of a sausage wave with its varying tube shape. Arrows show the expansion and contraction of the pore.
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Oscillations in 
Solar Magnetic 
Structures

The Sun is full of oscillatory 
phenomena. Waves and 
oscillations can be found in 
the deep solar interior as well 
as in the outermost layers of 
its atmosphere. 

The Sun hosts various kinds 
of waves with different 
properties. Some of the 
observed oscillations are 
produced by acoustic waves, 
whose nature is similar to 
that of the waves that allow 
us to hear the sound. 

However, the presence of

strong magnetic fields in    
the solar surface and atmo-
sphere gives rise to new 
types of waves.

The study of solar waves is 
a hot topic in astrophysics. 
Waves are believed to play 
a key role in the energy 
balance of our star, since they 
are one of the candidates 
proposed to explain the high 
temperatures measured in 
the chromosphere and the 
corona of the Sun, one of the 
long-standing unanswered 
problems of solar physics. In 

Waves are a hot topic of research in 
astrophysics 

By Dr. Tobías Felipe, Instituto de Astrofísica de 
Canarias (Spain)

addition, the analysis of solar 
oscillations can be employed 
to indirectly characterise 
the structure of the Sun by 
performing seismic studies.

Many of the solar wave 
phenomena of interest take 
place at short spatial and 
temporal scales, which 
are out or reach of current 
observing facilities. The 
European Solar Telescope, 
with its 4-metre mirror, will 
allow us to peep into those 
small scales, helping us to 
unravel the mysteries of the 
solar wave propagation.

The top image shows the 
propagation of waves in a 
sunspot atmosphere from a 
numerical simulation driven 
by actual solar observations 
(Felipe et al. 2011). The 
bottom image illustrates 
the velocity oscillations 
measured in the photosphere 
(lower panel) and the 
chromosphere (top panel).

Numerical simulation of the propagation of waves in a sunspot umbra (top) and 
measured velocity oscillations in the chromosphere (middle) and the photosphere 
(bottom). / Images: Felipe et al., 2011, ApJ, 735.

Watch full movie at https://tinyurl.com/est0022
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Chromospheric 
Heating at High 
Spatial Resolution

The solar chromosphere 
is the thin layer appearing 
reddish in colour during a total 
solar eclipse. This layer lies in 
between the cool photosphere 
and the million degree corona 
and loses energy through 
radiation. That energy needs 
to be continually replenished. 

Observations of the 
chromosphere reveal a variety 
of dynamic events such as 
slender fibrils, compact ultra-

violet (UV) bursts showing 
up as intense brightenings, 
and jets of plasma releasing 
bursts of energy. All these 
events can be associated 
with chromospheric heating. 

Realistic computer 
simulations reveal that these 
events are likely triggered by 
the reconnection of magnetic 
fields. To gain more insight 
into the physical processes 
driving these bursts of energy, 

we require observations with 
high spatial and temporal 
resolutions. 

In June 2013, the balloon-
borne telescope SUNRISE 
recorded images of the solar
chromosphere at a resolution 
of 0.1 arcsec, which 
corresponds to a spatial 
scale of roughly 70 km on the 
Sun with a cadence of 7 s. 
The observations were carried 
out in the Ca II H spectral 

line at 397 nm. During the 
flight, SUNRISE captured 
the fine details of the UV 
burst shown in the image. 
The burst is composed of an 
extended ribbon-like feature 
and rapidly evolving thin loop-
like strands. Similar features 
are often observed in large-
scale flares on the Sun. This 
hints at a unified picture of 
magnetic heating in the solar 
atmosphere from large-scale 
flares to small-scale bursts. 

The future 4-m European 
Solar Telescope, with its high 
spatio-temporal resolution, 
will be able to resolve many 
more bursts like this to help 
us probe deeper into their 
fine structure, understand 
the role of the magnetic field, 
and build up statistics for the 
unified picture. 

More details about this topic 
can be found in Smitha et al., 
2018, A&A, 617, A128.  

Magnetic heating of the chromosphere 
may proceed continuously from large-
scale flares to small-scale bursts

By Dr. Smitha Narayanamurthy, Max Planck Institute for 
Solar System Research (Germany)

Watch full movie at https://tinyurl.com/est0023
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The Curious 
Case of  Two 
X-class Flares 

The cosmos is filled with 
many fascinating heavenly 
bodies. However, the most 
crucial to the human race is 
our nearest star —the Sun. It 
provides us with all the energy 
needed to sustain life on the 
Earth. Sometimes this energy 
is released in an eruptive way, 
through so-called solar flares.

NOAA active region 12673 
contained the type of 
sunspots producing major 
flares. Initially, its main spot 
was classified as an alpha-
spot (a simple, round spot). 
It soon attained a more 

complex configuration after 
new magnetic flux emerged 
as a bipolar region following 
the alpha-spot. Later, a 
delta-configuration appeared 
when the negative polarity 
of the bipolar region collided 
head-on with the main spot 
and umbrae of different 
polarities were surrounded by 
a common penumbra.

In 1960, Horst Künzel 
discovered at the Einstein 
Tower in Potsdam that 
these delta-spots are the 
most flare-prolific class of 
sunspots. On 6 September 

Frequently, solar flares and sunspots 
are strongly related

By Dr. Meetu Verma, Leibniz-Institute für Astrophysik 
Postdam (Germany)   

2017, a major X2.2 flare 
occurred in the active region, 
followed by another powerful 
X9.3 flare three hours later. 
They produced extremely 
high X-ray emission and 
were visible even in white 
light. The X9.3 event was the 
strongest flare in solar cycle 
24. However, the two flares 
differed significantly. While 
the first was confined and 
limited to small patches, the 
second was more extended 
and formed a two-ribbon 
configuration. Both flares 
altered the magnetic field 
topology in the surroundings, 

creating regions with 
penumbral decay and umbral 
strengthening.

The changes in the flow field 
during the pre and post flare 
phases traced the energy 
buildup and energy release 
in the active region. The 
observed photospheric shear 
motions created a highly non-
potential field configuration, 
which provided the energy 
that powered the flares. 
Shear flows are like cars 
driving in opposite directions 
on both sides of the center 
divider on a highway, and 

can drag magnetic field lines 
with them. All this supports 
the scenario where the X2.2 
flare set the stage for more 
extended emission in the 
subsequent X9.3 flare. This 
conclusion is based on data 
from the Solar Dynamics 
Observatory spacecraft. 

The 4-metre European Solar 
Telescope will offer a unique 
opportunity to compare 
small-scale magnetic and 
flow fields in the vicinity of 
flaring sunspots in different 
environments and at various 
stages of evolution.

Active region NOAA 
12673 on 6 September 
2017, just before the 
X9.3 flare. From left to 
right and top to bottom: 
continuum intensity, 
masks of the penumbra 
(gray) and the umbra 
(black), horizontal 
magnetic flux density, 
line-of-sight velocity, 
vertical magnetic field 
density, and total flux 
density. Data courtesy   
of NASA/SDO and the 
AIA and HMI science 
teams. / Image: Verma, 
2018, A&A, 612, 101.

Watch full movie at 
https://tinyurl.com/est0024
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Coronal 
Dimmings 
Associated with 
Solar Eruptions 

When coronal mass ejections 
(CMEs) are expelled from the 
Sun, they leave a footprint 
low in the corona in the form 
of coronal dimmings. Coronal 
dimmings are traditionally 
observed as decreased 
soft X-rays and extreme 
ultraviolet (EUV) emission, 
but in rare cases their 
signatures are also seen in 
the chromosphere in H-alpha. 

In general, their formation 

is interpreted as density 
depletion due to the plasma 
evacuation during the 
eruption. Dimmings usually 
indicate the footpoints of 
erupting flux ropes or mark 
the overlying fields that are 
stretched and expanding 
before and during an eruption.

We recently showed that the 
magnetic flux involved in 
coronal dimming regions is 
on the one hand statistically 

Coronal dimmings —the “footprint” left 
by coronal mass ejections— seem to link 
both coronal mass ejections and flares

By Dr. Karin Dissauer, University of Graz (Austria)

Example of flare ribbons and coronal dimming regions observed during an X2.1 flare/CME event on September 6, 2011, 
illustrating the evolution of the event in the low corona and chromosphere. To increase the visibility of coronal dimming 
regions, logarithmic base-ratio images are used. Regions with moderate intensity decrease appear from light blue to white, 
while regions of strong intensity decrease (>50%) are shown from white to red.

related to the mass of the 
associated CME observed in 
coronagraphs later, and on 
the other hand comparable 
to the newly reconnected 
flux, estimated from flare 
ribbons observed in the 
chromosphere. Therefore, 
coronal dimmings seem to 
link both CMEs and flares, 
indicating that they are 
different manifestations 
of the same underlying 
magnetic process.

In combination with flare 
ribbon observations, coronal 
dimmings represent an 
important diagnostic tool to 
investigate and understand 
the magnetic topology of 
solar eruptions. In particular, 
their fine structure and 
locations could provide 
additional information on 
the different flux systems 
involved in the eruption. 

The high-spatial resolution 

and the multi-wavelength 
capabilities of the European 
Solar Telescope will allow us 
to observe these phenomena 
in unprecedented detail and 
will provide us with new 
opportunities to study the 
topology and triggering of 
solar eruptions.

For further details, see  
Dissauer et al., 2018, ApJ, 
863, 169 and Dissauer et al., 
2019, ApJ, 874, 123.
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Deep Learning 
in Solar Physics 

The future European Solar 
Telescope —like all other 
next-generation telescopes—  
will produce data at a speed 
that will make it difficult 
to store and handle all 
the measurements (we 
are talking Big Data here). 
Therefore, the analysis of 
future observations will 
require the development of 
complex techniques. 

Algorithms similar to those 
used to drive autonomous 
cars or detect your face to 
unlock your mobile phone are 
now being developed by the 
solar community to efficiently 
solve difficult problems in the  

field of solar physics. 

All these innovations rely on 
the enormous advances in 
machine learning achieved in 
the last decade, particularly 
the ability of training very 
deep and complex neural 
networks that can improve 
the performance of specific 
tasks and are much better 
(or faster) than classical 
algorithms. For example, we 
are now able to accurately 
reconstruct the horizontal 
motions of the plasma in 
the photosphere, speed up 
deconvolution algorithms 
to compensate for Earth’s 
turbulent atmosphere in 

Next-generation telescopes, such as 
the EST, will generate vast amounts of 
data at a very high speed 

By Dr. Carlos Díaz Baso, Institute for Solar Physics,  
Stockholm University (Sweden)

near real time, and recover 
signals under complex noise 
corruption, using machine 
learning techniques. 

One of the classical methods 
for inferring physical 
properties from the observed 
light is to apply inversion 
codes. By using neural 
networks to mimic the 
latest inversion codes that 
include very complicated 
physics, we can perform the 
calculations a million times 
faster. Whereas classical 
methods would take several 

weeks or months to produce 
maps like the ones displayed 
in the image (without 
parallelisation), a neural 
network would give us the 
result in a couple of seconds.

The image shows tempe-
rature maps (first row) and 
the vertical component of 
the magnetic field (second 
row) at photospheric levels 
as extracted from the 
observation of a sunspot 
using classical algorithms 
and neural networks (left and 
right). The blue color means 

that the magnetic field is 
pointing towards us. Maps 
estimated by the neural 
network appear sharper 
because they also include 
correction for the blurring of 
the telescope. Examples like 
this one show that we are 
working hard to be able to 
handle the incredible amount 
of data that EST and other 
next-generation telescopes 
will produce.

For more information, check 
out Asensio Ramos & Díaz 
Baso, 2019, A&A, 626, A102.

Temperature maps (first row) and vertical component of the magnetic field (second row) in the photosphere as extracted from 
the observation of a sunspot using classical algorithms and neural networks. The blue color means that the magnetic field is 
pointing towards us. / Image: Asensio Ramos & Díaz Baso, 2019, A&A, 626, A102.
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Why do solar 
physicists like 
to scan spectral 
lines?

The different layers of 
the solar atmosphere 
(photosphere, chromosphere, 
corona) are characterised 
by different values of the 
temperature, density, and 
pressure. The interaction of 
the magnetic field with the 
gas present in those layers 
gives rise to features such 
as pores, sunspots, faculae, 
and bright points.

Our telescopes capture the 
light emitted by the layers 
of the solar atmosphere 
(that is, the electromagnetic 
spectrum). A careful 
analysis of this light allows 
scientists to distinguish 
bright and dark features 
superposed on the solar 
spectrum. We call  them 
emission and absorption 
spectral lines, respectively.

By using instruments capable 
of acquiring monochromatic 
images in different points of 
the “profile” of such lines, 
we are able to see how the 
same region of the Sun 
changes with height across 
the solar atmosphere.

The accompanying image 
is a still from a movie that 
shows this effect: the vertical 

line on the right panel marks 
the point of the profile where 
the corresponding solar 
image  (a large sunspot, left 
panel) has been acquired.

This technique, called 
spectroscopy, is very 
useful to study how the 
solar plasma “reacts” 
to the presence of the 
magnetic field in the 

different atmospheric layers. 
The more accurate the 
observations are, the more 
we can learn about how 
the fields interact with the 
solar gas. For this reason, a 
telescope with a diameter 
of 4 metres, like the future 
European Solar Telescope, 
will be fundamental in order 
to advance our knowledge 
of the solar magnetism.

Analysing the electromagnetic spectrum 
to learn about the interaction between 
solar magnetic fields and gas

By Prof. Francesca Zucarello, from Università degli 
Studi di Catania (Italy)

Image from a movie made by Salvo Guglielmino (University of Catania, Italy) using data from the CRISP instrument at 
the Swedish 1-m Solar Telescope on La Palma (Spain). For more details see Falco et al., 2016, Solar Physics, 291, 1939.

Watch full movie at https://tinyurl.com/est0025
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White-light 
flare emission

Solar flares are a 
consequence of the energy 
release that occurs during 
magnetic reconnection in the 
corona, when magnetic fields 
are rapidly rearranged. 

A large portion of the 
flare energy is radiated 
away in a wide range of 
wavelengths, originating 
from the intensively heated 
atmosphere. In the visible 
range (between 380 and 
740 nanometres), the 
usual line emission is often 
accompanied by enhanced 
continuum radiation, due 
to processes involving free 

electrons. Such flares are 
called white-light flares.

Several mechanisms have 
been proposed to explain 
the continuum emission 
of white-light flares. Each 
of them would operate in a 
different atmospheric layer, 
from the chromosphere to 
the photosphere.

Recent studies have 
suggested that the white-light 
continuum enhancement 
observed in solar flares may 
come from the chromosphere 
as hydrogen Paschen 
continuum, i.e. emission at 

The white-light continuum emission 
observed in solar flares may come from 
the chromosphere

By Dr. Jana Kašparová, Astronomical Institute of the 
Czech Academy of Sciences (Czech Republic)

wavelengths below 820 nm 
due to recombination of 
a free electron to the third 
hydrogen atomic level. 

Recently, unique observations 
of photospheric Fe I lines 
detected in emission during 
a large flare were interpreted 
as a result of the heating 
of the solar atmosphere 
down to the photosphere. 
However, it was argued that 
the continuum brightening 
originated at higher altitudes.

The accompanying figure 
shows temperature maps of 
this event in the lower and 
upper photosphere (top and 
bottom rows) during and 
after the flare (left and right 
columns), respectively. 

The imaging and spectros-
copic capabilities of the 
future 4-metre European 
Solar Telescope will allow 
us to simultaneously detect 
line and continuum emission 
in several spectral bands, 
from the shortest visible 
wavelengths to the near 
infrared. Such observations 

will provide insight into the 
formation and rapid temporal 
evolution of flare emission 
emerging from different 
atmospheric layers. This 
will help us to disentangle 
various contributions to the 
white-light flare emission 
and identify the mechanisms 
responsible for them.

Temperature maps in the 
lower (top) and upper 
(bottom) photosphere 
during (left column) and 
after (right column) a 
flare. / Image: Jan 
Jurčák, Astronomical 
Institute of the Czech 
Academy of Sciences.
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Plasma Beta  and 
High-Resolution 
Solar Observations

The proximity of the Sun 
brings an enormous 
advantage: the solar 
atmosphere is a plasma 
physics laboratory near us.
 
Plasma —the fourth state of 
a substance along with its 
three main states: liquid, solid 
and gaseous— fills the entire 
universe. It is also present in 
the solar atmosphere where, 
together with the magnetic 
field, drives solar phenomena 
such as flares, coronal mass 

ejections, and the solar wind.

To investigate the roles of 
the plasma pressure and 
the magnetic pressure in the 
solar atmosphere, scientists 
use the so-called plasma 
β. Defined as the ratio of 
the magnetic pressure 
over the kinetic pressure, 
this parameter describes 
the relative importance of 
magnetic versus thermo-
dynamic processes on the 
plasma present in the solar 

The solar atmosphere is a unique 
plasma physics laboratory near us

By Dr. Jenny Marcela Rodríguez Gómez, Skolkovo 
Institute of Science and Technology (Russia)

atmosphere. The plasma 
β is usually estimated with 
models of the magnetic field, 
density, and temperature in 
the solar atmosphere. Its 
evolution on long time scales 
and over different features 
such as the quiet Sun, faculae 
and active regions can help 
us understand the solar 
dynamics along the eleven 
year solar cycle.  
 
In a recent work, Rodríguez 
Gómez et al. calculated the 

evolution of the plasma in 
the solar corona for solar 
cycles 23 and 24 using 
the COronal DEnsity and 
Temperature (CODET) 
model. Unfortunately, it is not 
possible to obtain information 
about the plasma β in other 
solar atmospheric layers such 
as the chromosphere and the 
transition region using the 
CODET model.

High-resolution ground-based 
solar observations provide 

a unique and powerful 
complement to space-borne 
instruments, offering very 
precise measures of small-
scale physical processes 
on the Sun. Observations 
like those that will be taken 
with the 4-m European 
Solar Telescope will help 
us get better estimates of 
the magnetic field and the 
plasma β values in the lower 
solar atmosphere, leading     
to  a complete picture of    
their variation with height. 

Top: Images of the Sun from the photosphere to the corona taken by the Solar Dynamic Observatory on 17 
April 2014. Bottom: Plasma β values resulting from the CODET model for faculae (blue points) and the quiet 
Sun (red points) at coronal heights. / Image: Rodríguez Gómez et al. (2019).
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How the Magnetic 
Field Diffuses
in the Photosphere

The photosphere is the 
deepest layer of the solar 
atmosphere that we can 
observe directly. It is made 
up of plasma at nearly 
6000 K. The motion of the 
photospheric plasma is driven 
by turbulent convection which 
leads to flows similar to 
those observed in everyday 
phenomena, such as eddies 
in a river, smoke from a 
chimney, or coffee spreading 
in the milk in your cup.

If you pour coffee in the milk 
it starts to spread, and the 
amount of milk changing 

colour increases with 
time: the process is called 
diffusion. To describe 
this phenomenon, we can 
measure how much milk has 
changed colour in a fixed 
amount of time. In doing so, 
we will find that this happens 
at a fixed rate. This is called 
normal diffusion, but it is 
not the only option! In some 
cases, diffusion can increase 
with time, spreading the 
particles much more: this is 
called super-diffusion and 
is the regime we observe 
for the magnetic field in the  
solar photosphere.

In the solar photosphere, turbulent 
motions lead to flows similar to those 
created when coffee is poured into milk

By Dr. Luca Giovannelli, Università di Roma Tor Vergata (Italy)

In the Sun, we do not have 
complete access to the 
details of the turbulent 
motion of the plasma since it 
happens on very small spatial 
scales. Yet, we can derive 
its properties from passive 
tracers that are transported 
by horizontal plasma flows 
on the solar surface. Those 
tracers are the small-scale 
magnetic elements that can 
be observed everywhere in 
the quiet Sun. They have 
sizes of about 100 km and 

may last several hours, 
pushed around by the 
horizontal motion of the 
surrounding plasma as 
corks in a river. The way 
they spread, as the coffee in 
the milk, traces the plasma 
motion and can improve 
our understanding of the 
complex dynamics of the 
solar photosphere.

The mechanism behind 
super-diffusivity is not yet 
fully understood, and will 

require more detailed 
observations, at smaller 
spatial scales and extended 
in time. The 4-m European 
Solar Telescope, with its 
unprecedented spatial 
resolution and unique 
spectropolarimetric 
capabilities, will provide 
exceptional observations that 
will help us understand the 
solar photosphere dynamics.

For more information, see 
Giannattasio et al. (2014).

Small magnetic elements, detected in circular polarisation and marked with red crosses, as they move on the solar 
photosphere superdiffusively. The background shows the corresponding continuum intensity observations, with 
convection cells clearly visible. / Video: Giannattasio et al. 2014; Hinode Operation Plan 151.

Watch full movie at https://tinyurl.com/est0026
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Understanding 
the Solar Dynamo

The solar magnetic field 
is generated by a dynamo 
process operating in the 
Sun’s interior. Conductive 
fluids (plasmas) can 
support magnetic fields. The 
presence of magnetic fields 
leads to forces that in turn 
act on the plasma, thereby 
potentially altering the 
magnetic fields themselves. 
This magnetic field can be 
sustained if the fluid motion 
is sufficiently complex. Such 
systems are called self-
sustaining dynamos.

The number and size of 
sunspots, solar flares, and 

coronal loops all exhibit a 
synchronised fluctuation 
with a period of 11 years 
called the solar cycle. This 
cycle is caused by the solar 
dynamo. There are still many 
fundamental questions to 
answer as, for example, how 
the solar dynamo actually 
generates the solar magnetic 
fields or how to predict future 
cycles with greater precision.

Each solar cycle begins with 
small spots appearing in mid 
latitudes of the Sun. Later 
in the cycle, spots appear 
progressively closer to the 
Sun’s equator as the cycle 

The solar magnetic field is generated 
through the action of a dynamo 
process operating in the Sun’s interior

By Dr. Bernadett Belucz, Eötvös-Loránd University (Hungary)

reaches its maximum activity 
level. This pattern is best 
visualised in the form of the 
so-called butterfly diagram, 
i.e., a map of the magnetic 
field observed at different 
latitudes of the Sun as a 
function of time. In the upper 
panel of the figure, we show 
the butterfly diagram of the 
Sun.The blue and yellow 
patches represent sunspots 
with different polarity. In 

the lower panel, we can see 
the butterfly diagram of a 
Babcock-Leighton solar 
dynamo model simulation.

Babcock-Leighton dynamos 
are the best examples of 
flux transport dynamos. 
They have been successful 
in capturing many solar 
cycle features including the 
equatorward migration of 
sunspot belts, the poleward 

drift of poloidal fields and the 
correct phase relationship 
between them. The models 
are in relatively good 
agreement with observations. 

Babcock-Leighton dynamo 
models are also able to 
predict the solar activity in 
the long term. Therefore, 
they help us determine the 
possible influence of the Sun 
on terrestrial climate.

The upper panel of the figure shows the butterfly diagram of the Sun, i.e., a map of the magnetic field observed at 
different solar latitudes as a function of time. The blue and yellow patches represent sunspots with different polarity. 
The lower panel shows the butterfly diagram of a Babcock-Leighton solar dynamo model simulation.
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Small-Scale 
Chromospheric 
Features

The solar chromosphere is 
a very thin layer just above 
the solar surface. Although 
its thickness is very small 
compared to the solar radius 
(only about 1500 km), we 
believe it plays an important 
role in the dynamics of the 
solar atmosphere.

Using state-of-the-art 
telescopes and instruments 
it has been possible to 
observe several highly-
dynamical structures in this 
layer, spanning different 

lifetimes and sizes ranges. 
Those structures may be a 
key element in the transport 
of mass and energy to the 
upper layers of the solar 
atmosphere. They can also 
contribute to the coronal 
heating process, one of 
the most important open 
questions in solar physics.

Among all the types of 
structures observed in 
the chromosphere, the 
elongated ones with lengths 
of a few Mm have attracted 

most of the attention of 
the community due to their 
ubiquity and their highly 
dynamical behaviour. 
Depending on their location 
and characteristics, they 
receive different names, like 
spicules, rosettes, straws 
and fibrils. However, even 
if they are very similar in 
appearance, the relation 
between them is still unclear.

The image displays an 
example of elongated 
features called slender Ca II 

H fibrils. We know that these 
structures are correlated with 
the magnetic field, exhibit 
magnetic wave behaviour, 
and show different types of 
evolution. Even with the best 
instrumentation available 
today, their formation 
mechanism, magnetic 
topology and behaviour are 
not fully understood.

The 4-metre European Solar 
Telescope will allow us to 
observe Ca II H fibrils and 
other elongated structures 

with high temporal and 
spatial resolution in multiple 
spectral lines. With this 
information, we expect to 
be able to understand their 
role in the mass and energy 
transport to higher layers, 
their relation with other 
elongated structures present 
in the chromosphere, and 
their formation process.

For more information, 
see Gafeira et al., 2017, 
Astrophysical Journal 
Supplement Series, 229, 6. 

Observing highly-dynamical structures in 
the chromosphere may help understand 
mass and energy transport

By Dr. Ricardo Gafeira, Instituto de Astrofísica de 
Andalucía-CSIC (Spain)

The left panel shows an 
observation in the Ca II 
H line taken by the SUFI 
instrument onboard the 
SUNRISE solar observatory, 
where it is possible to see 
several bright elongated 
structures or fibrils (indi-
cated by the white arrow) 
that are present in the 
lower solar chromosphere. 
The right panel shows the 
temporal evolution of one 
of those fibrils. Each dark 
rectangle represents a 
single snapshot of the fibril 
taken at intervals of 7s.
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Physical 
Properties of 
Solar Filaments

EST will provide us with spectroscopic 
data of filaments at higher resolution 
than ever before

By Dr. Pavol Schwartz, Astronomical Institute of the 
Slovak Academy of Sciences (Slovakia) 

Spectroscopic observations of a quiescent filament.The left and middle panels of the figure display images of the filament 
in the EUV corona at a wavelenght of 193 Å from the AIA instrument on the Solar Dynamics Observatory. The right panel 
shows a map of the H-alpha line core intensity as observed by the IBIS instrument at the Dunn Solar Telescope, together 
with two examples of fits to the observed line profiles.  / Image: Schwartz et al., 2019, A&A, 631, A146.

During the last 20 years, 
new high-resolution 
instruments have provided 
us with spectroscopic 
and spectropolarimetric 
observations of better and 
better quality. Those data 
allow us to infer the physical 
properties of solar filaments, 
such as temperature, gas 
pressure, plasma density  
and magnetic field.
 
Indeed, observations of 
quiescent filaments in 
ultraviolet (UV) and extreme 

ultraviolet (EUV) lines 
carried out by SOHO, 
often complemented with 
neutral hydrogen spectra 
obtained from the ground, 
have opened the door to 
plasma diagnostics using 
sophisticated models 
based on radiative transfer 
–the theory describing how 
spectral lines in the radiation 
emitted from the surface 
are modified after passing 
through the filament plasma.

Filament temperatures 

between 5 000 and 10 000 K
were inferred from such 
a modelling, together 
with densities 6 orders 
of magnitude larger than 
those observed in the lower 
solar corona. Also, it was 
found that cool filaments 
are surrounded by hot 
envelopes visible only in 
UV and EUV spectral lines. 
Such envelopes are called 
EUV filament channels. They 
have temperatures from 
several tens to hundreds of 
thousands Kelvin and much 
lower densities than the cool 
filaments themselves.

Recently, high-resolution 
observations of visible and 
infrared spectral lines have 
allowed us to model small-
scale active filaments and 
the fine structure of very 
dynamic quiescent filaments 
in state of activation. This 
is the case of the quiescent 
filament displayed in the 
figure, which erupted one 
day later. The modelling of 
the available observations 
show that  the filament was 
not activated uniformly —
one  part (region A) is more 
dynamic while another part 
(region B) is heated.

The future European Solar 
Telescope, a 4-metre class 
telescope to be built in the 
Canary Islands, will provide 
us with spectroscopic data 
of solar filaments at much 
higher resolution that is 
currently possible. This will 
lead to further advances in 
the characterisation of these 
structures and, consequently, 
to a better understanding of 
the processes responsible  
for their activation.
 
More information on this topic 
can be found in Schwartz et 
al., 2019, A&A 631, A146.
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It is Raining in 
the Sun’s 
Atmosphere! 

Rain in the Sun is not unusual. 
Actually, all what it takes to 
see coronal rain is to target 
any active region at the solar 
limb, prepare to observe in 
chromospheric or transition 
region lines with a suitable 
instrument (either from the 
ground or from space), and 
then be patient enough to 
witness the “catastrophic 
cooling” that happens in 
some magnetic loops.  

Coronal rain is one of the 
most striking features of the 
solar atmosphere. Strangely 

enough, the production 
of the cool material that 
constitutes coronal rain 
(and also prominences) is a 
consequence of the way the 
plasma is heated through   
the solar atmosphere. 

In the most common cases, 
coronal rain is produced 
when the heating is very 
stable and mostly located at 
the feet of the coronal loops. 
Such heating will supply 
the coronal structure with 
plasma evaporating from 
the chromosphere (a very 

Coronal rain is one of the most striking 
features of the solar atmosphere

By Dr. Clara Froment, Institute of Theoretical 
Astrophysics, University of Oslo (Norway)

dense layer). This hot and 
dense plasma, that has now 
reached coronal heights, will 
start to cool down. Because 
there are more losses than 
heating in that situation, the 
plasma will cool down more 
and more and eventually  
condensations (about 100 
times cooler and 100 times 
denser that the surrounding 
coronal plasma) that will 
fall down the loop legs due 
to the solar gravity. If the 
magnetic structure forms 
a dip, the condensations 
cannot fall and will stay up 

at coronal heights forming 
a prominence. The details 
of the production of cool 
material in the corona are 
giving us important clues 
on the coronal heating 
mechanisms. Especially 
on the spatial location and 
timescale of the heating.

Observing coronal rain from 
the ground allows us to 
have very high resolution 
measurements, making 
it possible to reveal the 
fine structures of coronal 
loops. Indeed, our current 

measurements indicate 
that coronal rain blobs have 
widths of about 100 km. 
These rain blobs are believed 
to mostly follow the magnetic 
field lines, such that they 
uncover the topology of the 
fundamental strands that 
compose the coronal loops.

With the even higher 
resolution that the 4-metre 
European Solar Telescope 
will provide, we will be able to 
see how small the rain blobs 
can get and to understand 
their formation better. 

Coronal rain observed near the footpoints of large coronal loops with the SST on La Palma (Spain) in 2017. The image 
was produced by stacking 20 frames (about 2 minutes of data) to unravel the loop path the rain blobs is tracing. The 
coronal rain strands are marked with arrows.
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The North Pole 
of the Sun

Studying the poles of the Sun 
is important to understand 
the origin of the weak 
magnetic fields that populate 
the quiet solar surface. The 
poles are devoid of large 
magnetic structures such 
as sunspots, and therefore 
the fields observed there 
must be produced by a local 
dynamo or be the remnants 
of decaying active regions 
transported to higher 
latitudes by surface flows.

Are the properties of polar 
fields different from those 
observed near the disk center 
where active regions are 
usually seen? We still do not 
know. Characterising them 

is difficult because of large 
projection effects, which 
make the signals smaller and 
harder to interpret. With its 
superb spatial resolution, the 
European Solar Telescope 
will measure polar magnetic 
fields with unprecedented 
accuracy, allowing 
comparative studies of polar 
and equatorial regions to be 
carried out for the first time.

The image shows seeing-
free observations of the 
North pole of the Sun in 
intensity, linear polarisation 
and circular polarisation 
as recorded by the 
spectropolarimeter aboard 
the Japanese Hinode 

 
The solar poles will help us understand      
the weak magnetic fields that populate          
the quiet solar surface

 
Seeing-free observations of the north pole of the Sun in intensity (I), linear polarisation (Q and U) and circular polarisation (V) as 
recorded by the spectropolarimeter aboard the Hinode satellite. / Observations: Hinode (ISAS/JAXA, NAOJ, NASA, STFC, ESA).

satellite. These data have the 
highest magnetic sensitivity 
and spatial resolution 
achievable nowadays.

Near the border of the solar 
disk, linear polarisation 
measurements reveal 
vertical magnetic fields 

on the surface of the Sun, 
while circular polarisation 
measurements sample 
horizontal magnetic fields. 
A comparison of the various 
panels in the figure shows 
that the polar regions of the 
Sun are covered by very weak 
small-scale magnetic fields 

which are horizontal for the 
most part. These fields are 
short lived. In addition, the 
linear polarisation maps 
reveal the existence of 
localised patches of vertical 
magnetic fields which are 
more intense, corresponding 
to the so-called polar faculae.

By Dr. Luis Bellot Rubio, Instituto de Astrofísica de 
Andalucía-CSIC (Spain)
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Giant Solar Tornadoes 
put Researchers in a Spin

Solar tornadoes were first 
observed in the early 20th 
century, and the term was 
re-popularised a few years 
ago when scientists looked at 
movies obtained by the AIA 
instrument on the NASA Solar 
Dynamics Observatory (SDO). 
These show hot plasma 
in extreme ultraviolet light 
apparently rotating to form 
a giant structure taking the 
shape of a tornado (as we 
know them on Earth).

Giant solar tornadoes 
–formally called tornado 
prominences– are so 

called because of their 
striking shape and apparent 
resemblance to tornadoes on 
Earth, but that is where the 
comparison ends. Whereas 
terrestrial tornadoes are 
formed from intense winds 
and are very mobile, solar 
tornadoes are instead 
made of magnetised gas. 
They seem to be rooted 
somewhere further down the 
solar surface, and so stay 
fixed in place.

Despite their appearance, 
solar tornadoes are not 
rotating after all, according 

Rotating solar tornadoes may not be 
rotating after all!

 
Prominence observed with the Interface Region Imaging Spectrograph satellite. 
The sequence of images show small dark fragments called “knots”, which are 
highlighted by coloured crosses and follow helical structures over the course 
of an hour. The reconstructed 3D knot trajectories appear in the last part of the 
movie with the same colours.

to a European team of 
scientists. A new analysis 
of these gigantic structures, 
each one several times the 
size of the Earth, indicates 
that they may have been 
misnamed because scientists 
have so far only been able 
to observe them using 
2-dimensional (2D) images.

Now, using the Doppler effect 
to add a third dimension to 
their data, scientists have 
been able to measure the 
speed of the moving plasma, 
as well as its direction, 
temperature and density. 
Using several years’ worth of 
observations, they were able 
to build up a more complete 
picture of the magnetic field 
structure that supports the 
plasma, in structures known 
as prominences. Despite 

By Drs. Brigitte Schmieder, Observatoire de Paris (France), Nicolas Labrosse, 
University of Glasgow (UK), and Maciej Zapior, Astronomical Institute of the 
Academy of Sciences of the Czech Republic

how tornados appear in 
images, the magnetic field 
lines are not vertical but 
rather horizontal and the 
plasma flows along them. 
The tornado-like shapes on 
the 2D images are due to 
projection effects. The real 
nature of tornadoes and their 
origin will be determined with 

the future 4-metre European 
Solar Telescope. EST will 
have unique multi-wavelength 
and polarimetric capabilities 
to infer the magnetic field 
and to provide new insights of 
this fascinating phenomenon.

More information: Schmieder 
et al., 2017, A&A, 606, A30.

Watch full movie at https://tinyurl.com/est0027
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Solar Image 
Enhancement 
with AI

Including past observations 
into the scientific analysis 
provides an invaluable source 
of additional information. 
In order to compensate for 
lower image quality, image 
enhancement techniques are 
necessary to provide a series 
of continuous observations 
with the best quality that can 
be achieved.

To understand how image 
enhancement works, we 
first have to think about the 
opposite way. If we start 
with a perfect image, we 

can add distortions and 
noise to obtain a low-quality 
image. The task for image 
enhancement is to reverse 
this process, which is difficult 
because there are multiple 
ways to obtain a low-quality 
result from a single high-
quality image. From our 
most recent high-resolution 
observations we have 
gained knowledge about 
the structural appearance 
of the solar surface and 
atmosphere, but how can 
this information be used 
for the enhancement of 

single images which are not 
even co-spatially and co-
temporally aligned with the 
high-quality observations?

Scientists at the University 
of Graz in collaboration with 
the Skolkovo Institute of 
Science and Technology are 
currently utilising artificial 
intelligence (AI) to exploit the 
knowledge obtained from 
the most recent discoveries 
as a way to enhance past 
observations. This is done by 
a machine learning process 
where a neural network is 

first trained to identify the 
characteristics of high-quality 
observations. In a second 
step, low-quality images 
are enhanced to match the 
characteristics of the high-
quality domain. This method 
can be used to improve 
the quality of old data sets, 
making them similar to modern 
observations, which allows 
us to perform studies of long-
term variabilities of the Sun.

There is a wide range of 
applications for enhancing 
solar images, reaching 

even back to photographic 
plates. A recent example is 
the enhancement of solar 
H-alpha full-disc images from 
Kanzelhöhe Observatory with 
the use of high-resolution 
H-alpha images from the 
Dutch Open Telescope (La 
Palma). With the European 
Solar Telescope, new data 
of unprecedented quality 
and spatial resolution will be 
obtained, which will change 
our current understanding of 
the Sun and will also give us 
new capabilities to interpret 
past observations.

Applying artificial intelligence techniques 
to improve old solar images

By Robert Jarolim, University of Graz (Austria)
 
Result of AI image enhancement based 
on a series of five low-resolution H-alpha 
observations from full-disc observations 
taken at Kanzelhöhe Observatory, stacked 
into a single image. The example shows 
the enhancement at two different scales 
indicated by the yellow and the blue box.
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Will EST 
Measure the 
Magnetic Field? 

Have you ever heard how 
strong the magnetic field on 
the solar surface is? 1000 
Gauss? 2000 Gauss? Ever 
wonder how do we know 
this? We certainly do not 
travel there with a magnet on 
our hands! In fact, we do not 
measure the magnetic field. 
What we really measure is 
light, polarised light.

Yes, we do not measure the  
magnetic field of the Sun, we 
infer it based on equations 
that describe how the 
polarisation properties of 

the light are affected by the 
magnetic field. 

Is this indirect way of 
inferring the magnetic field 
something we physicists 
do? Indeed, all the time! 
Just think about your 
typical household mercury-
in-glass (aka quicksilver) 
thermometer. Do you really 
think you are measuring your 
or your baby’s temperature? 
Wrong! All you are measuring 
is the length of the mercury 
inside the tube. Since we 
know how much the mercury 

dilates/contracts when the 
temperature increases/
decreases, we can determine 
the actual temperature. Got 
it? Well, that is exactly how 
we determine the magnetic 
field on the Sun: we measure 
the polarisation properties of 
the light and since we know 
how it changes when the 
magnetic field is applied, we 
can then determine the 
solar magnetic field.

Since the physical processes 
that describe both phenome-
na (dilation and contraction 

of mercury and polarisation 
of light) are so well 
established and so well 
known, oftentimes we, by 
a slip of the tongue, simply 
say that “we measure the 
magnetic field”. Now you 
know what we mean by this.

Of course, the better we 
obtain the polarisation of the 
light, the more accurately 
we can determine the 
magnetic field. The 4-metre 
European Solar Telescope 
is specifically designed with 
this in mind. Owing to its 

large primary mirror and to 
its compensation optics, 
EST will make the most 
precise measurements of 
the polarisation properties of 
the solar light ever. Moreover, 
EST will carry out such 
measurements in multiple 
wavelengths simultaneously, 
which will make it possible 
to infer the magnetic field 
in many different layers of 
the solar atmosphere, thus 
allowing us to reconstruct 
the magnetic field not only 
on the surface, but in three 
dimensions.

To determine the Sun’s magnetic field, 
we measure the polarisation of light

By Dr. Juan Manuel Borrero, Leibniz Institute for Solar 
Physics (Germany)

 
On the right, actual measurements of light polarisation. These are the so-called Stokes parameters, I for intensity (bottom), 
Q and U for linearly polarised light (middle), V for circularly polarised light (top). With this we infer the actual magnetic 
field on the solar surface along the three spatial dimensions: Bx, By and Bz (left panels).
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The Quiet Sun 
Magnetic Field

The quiet Sun (usually 
shortened as QS) is 
represented by the regions 
of the Sun’s photosphere 
that have relatively weak 
magnetic field when 
compared to the strong fields 
found in active regions and 
sunspots. Even though the 
quiet Sun is not as locally 
energetic as active regions, 
the majority of the Sun’s 
photosphere is quiet most 
of the time. This makes the 
quiet Sun an important area 
to study. 

Because of their consistent 
and relatively ubiquitous 

presence across the 
photosphere, quiet Sun 
magnetic fields are thought 
to significantly contribute to 
the energy and heating of 
the solar atmosphere. The 
question is: how much? While 
active regions contribute 
to atmospheric heating 
over short timescales, QS 
magnetic fields are expected 
to contribute over long-term 
scales. In fact, the total flux 
content of the QS has been 
measured to be slightly 
larger than the flux content 
of all active regions during 
solar maximum, suggesting 
that the QS is likely a 

Quiet-Sun magnetic fields significantly 
contribute to the energy and heating of 
the solar atmosphere

By Rebecca Robinson, Institute of Theoretical Astrophysics, 
University of Oslo (Norway)

Continuum intensity (top) and saturated Stokes V polarisation (bottom) of the quiet Sun measured by Hinode at the center 
of the solar disk on 10 March 2007, 11:37 UT. / Observations: Hinode (ISAS/JAXA, NAOJ, NASA, STFC, ESA).

significant contributor to the 
atmospheric energy budget!

To understand the 
importance of the quiet Sun 
to the upper layers of the 
solar atmosphere, we need 

extremely high resolution 
observations of the magnetic 
field in such regions. By 
means of observations 
using the spectropolarimeter 
suite of the European Solar 
Telescope, we will better 

understand the strength, 
distribution, and energy of 
the QS magnetic field. This 
will allow us to get a better 
grasp on the link between the 
ubiquitous quiet Sun and the 
energetic solar atmosphere.



69

Nanoflares and 
Coronal Heating

The solar atmosphere is 
divided into the photosphere, 
chromosphere, transition 
region and corona. The huge 
increase in temperature 
from a few thousand degrees 
in the photosphere to millions 
of degrees in the corona 
has raised questions for 
decades, and is known as 
the coronal heating problem.

In 1988, Eugene Parker 
proposed a heating 
mechanism of the solar 
corona by impulsive energy 
releases referred to as 
nanoflares. Flares are sudden 
brightenings in the solar 

atmosphere caused by the 
reconnection of magnetic 
field lines. As the field lines 
reconnect, magnetic energy 
is converted into heat and 
kinetic energy, producing 
events such as flares and 
coronal mass ejections. 

As the name suggests, 
nanoflares are low energy 
events, as opposed to the 
spectacular X-class flares 
occurring in active regions of 
the Sun. Low energy flares 
are much more prevalent 
than large flares, but their 
rate of occurrence is not yet 
well established. Solar flares 

Nanoflares are small events, difficult to 
observe due to their low X-ray energies

By Helle Bakke, Institute of Theoretical Astrophysics, 
University of Oslo (Norway)

Micro-flare observed on 4 September 2016. Magnetic reconnection in the corona as sketched in the cartoon in the lower left 
produces a hot loop of more than 7 million degrees. This hot loop is visible as the bright area in the green background image 
taken with the Solar Dynamics Observatory (AIA 94 Å). The active region with bright magnetic loops is shown in more detail 
in the yellow inset, corresponding to plasma of less than 1 million degrees (AIA 171 Å). The reconnection event in the corona 
produces fast electrons that hit the lower atmosphere with high energy. The impact region is very small and is shown at high 
resolution in the image taken with the Swedish 1-m Solar Telescope on La Palma (Spain). With the European Solar Telescope, 
we will be able to study the magnetic environment of the impact region in even finer detail.

produce a wide range of 
high-energy electromagnetic 
radiation (such as X-rays), 
however, small-sized flares 
are difficult to observe due to 
their low X-ray energies.

The future 4-m European 
Solar Telescope will allow us 
to analyse the quick variation 
of the magnetic field of the 
Sun thanks to its 4-metre 
aperture, providing us with a 

unique opportunity to 
unravel fast and small-scale 
events. This will help us to 
better understand nanoflares 
and their contribution to 
solar coronal heating.
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Mesogranulation, 
an Elusive Pattern 
on the Solar Surface

The energy transfer in the 
outer layers of our star, and 
in general of cool stars, 
occurs in a dominant way by 
gravitational convection. This 
is the physical process by 
which heat is transported by 
movement of a fluid, such as 
plasma in the Sun or stirring 
liquid in a pot. The movement 
is due to the buoyancy force 
of gravity acting on the fluid 
density variations. In the 
Sun, convection becomes 
turbulent. Solar turbulent 
convection is a paradigm of 

out-of-equilibrium systems 
and allows scientists to 
investigate the continuously 
changing multi-scale 
pattern of warm structures 
surrounded by cold 
boundaries and plumes. 

The most famous solar 
convective pattern is the 
photospheric granulation, 
with a typical scale of 
1000 km and few minutes 
lifetime. This intensity and 
velocity pattern was revealed 
in the second half of the 

19th century by Nasmyth 
in England, Secchi in Italy 
and Janssen in France. In 
the 1980s, studying time 
series of photospheric 
intensity images, another 
pattern was reported, the 
mesogranulation, with a 
spatial scale of 5 000-10 000 
km. To reveal this elusive 
pattern it is necessary to use 
analysis techniques such as 
local correlation tracking.

There is an on-going 
debate concerning whether 

the mesogranular scale 
corresponds to a distinct 
scale of convection or is 
the result of a cooperative 
interaction of small-scale and 
short-lived granular flows on 
time scales longer than the 
granular lifetime. To answer 
the question about the origin 
of solar mesogranulation, it 
is necessary to accurately 
reconstruct the magnetic and 
thermodynamic properties of 
the solar atmosphere close 
to the photosphere. The use 
of tunable interferometers 

and polarimetric techniques 
is a successful strategy to 
reconstruct the 3D structure 
of the solar atmosphere. The 
European Solar Telescope, 
with its suite of instruments 
simultaneously covering the 
wavelength range from the 
UV to the mid-infrared, will 
be fundamental to advance 
our knowledge of turbulent 
convection in stars.

For more information about 
mesogranulation, see Berrilli 
et al., 2005, ApJ, 632, 677.

Granulation and mesogranulation are 
solar convective patterns observed on 
different spatial scales

By Prof. Francesco Berrilli, Università di Roma 
Tor Vergata (Italy)

 
Horizontal velocity field (gold arrows) of a quiet region of the solar photosphere observed by the Hinode Solar Optical Telescope, 
as computed with the local correlation technique. The background image gives the “ocurrence” parameter, that is, the number 
of frames in which each pixel hosts a magnetic feature with a magnetic flux density larger than 13 G. The red circles mark the 
locations with the lowest occurrences. / Image: Giannatasio et al., 2018, A&A 611, A56. 
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Magnetic Field 
Interactions in 
Active Regions

Most of the fiercest eruptions 
on the Sun originate in 
active regions. They are 
ultimately driven by the 
release of stresses that 
have been building up in the 
local magnetic field as the 
regions emerge and evolve. 
Understanding how the field 
reshapes in this process is 
therefore key in unraveling 
what sets the stage for flares 
and coronal mass ejections.

While rising through the lower 
atmosphere, the active region 
magnetic field interacts with 

the ambient field. This leads 
to bursty energy releases and 
vigorous heating that can be 
observed in the near-infrared 
and ultraviolet parts of the 
solar spectrum as small-
scale, elongated brightenings 
sparkling throughout the 
active region. The most 
prominent examples of such 
intense brightenings were 
discovered over one hundred 
years ago by Ferdinand 
Ellerman at Mt. Wilson 
Observatory (California, USA). 
He called them ‘hydrogen 
bombs on the Sun’. Later, 

Most of the fiercest eruptions on the 
Sun originate in active regions

By Dr. Gregal Vissers, Institute for Solar Physics, 
Stockholm University (Sweden)

they were renamed ‘Ellerman 
bombs’ in his honour.

The movie shows a partial 
view of an active region 
during magnetic field 
emergence leading to 
several Ellerman bombs and 
microflare-like brightenings. 
They present a high level of 
fine structure, at the limit of 
what the Swedish 1-m Solar 
Telescope on La Palma can 
resolve. Indeed, over the last 
decade SST observations like 
this one have revealed flame- 
and blob-like fine structure 

at the scale of 100-150 km 
in such Ellerman bombs, 
providing important insights 
on the physical mechanism 
that drives them and how it 
operates. In addition, with 
the help from space-based 
instruments, such as NASA’s 
Interface Region Imaging 
Spectrograph that observes 
in the ultraviolet, as well as 
numerical simulations, we 
now know that they are part 
of a family of similarly-driven, 
but height-dependent energy 
releases during magnetic field 
evolution, with UV bursts and 

microflares as increasingly 
higher-energy siblings. 

With the 4-metre European 
Solar Telescope we will 
gain an unprecedented 
high-resolution view of 
these phenomena, both 
morphologically and in 
terms of their magnetic field 
environment. This will help 
deepen our understanding 
of their role in active regions, 
in particular their impact on 
the magnetic field evolution 
and the heating of the solar 
atmosphere on large scales.

Watch full movie at 
https://tinyurl.com/est0028

Partial view of an active region on 19 September 2019 during magnetic field emergence leading to several Ellerman 
bomb and microflare-like brightenings. / Observations: Drs. Jaime de la Cruz Rodríguez and Jorrit Leenaarts (ISP/SU).
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Waves in Slender
Chromospheric 
Fibrils

Magneto-hydrodynamic 
(MHD) waves are often 
presented as a principal 
mechanism allowing the 
transfer of energy and 
momentum throughout the 
solar atmosphere. These 
waves can be identified in 
various magnetic structures, 
including slender Ca II H 
fibrils, which are believed to 
map magnetic fields in the 
low solar chromosphere.

The detection of tiny, bright 
thread-like chromospheric 
Ca II fibrils such as the ones 

displayed in the top image 
requires very high-spatial 
resolution observations. 

The advanced optics and 
measuring instruments of 
the future 4-metre European 
Solar Telescope will enable 
us to identify many of 
these small-scale fibrillar 
structures and study both 
their magnetic fields and the 
various kinds of MHD waves 
they support. 

More information: Jafarzadeh 
et al. 2017, ApJS, 229, 11.

MHD waves allow energy to be transferred 
throughout the solar atmosphere

By Dr. Shahin Jafarzadeh, Institute of Theoretical 
Astrophysics, University of Oslo (Norway)

Left: Slender bright fibrils 
near a small solar active 
region as seen in Ca II H 
images recorded by the 
SuFI instrument onboard 
the 1-m SUNRISE balloon-
borne observatory. Right: 
Phase speeds in an example 
fibril indicate the existence 
of propagating transverse 
waves. The red curves in 
panels (a)–(e) show the 
displacement of the fibril 
along the  of cuts marked in 
the upper panel. The wave 
propagation is indicated by 
the green lines.

Comparison of the 
slender Ca II H fibrils and 
the magnetic topology 
derived by extrapolation 
of the photospheric field 
simultaneously observed with 
SUNRISE/IMaX. An inside 
view of the magnetic canopy 
(i.e., the magnetic field lines 
lying over a region with 
weaker field) is illustrated on 
the right, from the viewing 
angle shown by the arrow.
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How do Sunspot 
Penumbrae
Form?

Sunspots do not appear 
suddenly at once. They are 
rather the result of small 
concentrations of magnetic 
field that pop up on the solar 
surface from the deeper 
layers of the Sun with sizes 
of less than about 700 km. 

We believe that these small 
concentrations result from 
a large magnetic rope 
segmented in strands by 
the buffeting of convection 
during its rise and emergence 
to the solar surface. The 
magnetic strands gather 

together to form pores, and 
pores subsequently coalesce 
to form larger pores or proto-
spots. A proto-spot is a pore 
or umbra that will eventually 
develop into a sunspot. An 
example can be seen in 
the image. If the proto-spot 
collects enough magnetic 
flux and conditions allow for 
the magnetic field to become 
inclined (parallel to the solar 
surface), then the so-called 
penumbra will form.

The penumbra embraces the 
umbra in about 5 hours, so 

Sunspots are the most prominent 
manifestation of solar magnetism,   
but how do they form?

By Dr. Nazaret Bello González, Leibniz Institute for 
Solar Physics (Germany)

Proto-spot in active 
region NOAA 11024 
observed at the German 
Vacuum Tower Telescope 
(Tenerife, Spain) on 
4 July 2009. / Image: 
Schlichenmaier et al., 
2010, A&A 512, 1. 

it is a relatively fast process. 
This makes the observation 
of the phenomenon very 
elusive. Indeed, only a few 
datasets of penumbra 
formation exist.

In the penumbra, the 
horizontal magnetic fields 
will shape the convective 
cells giving them their 
characteristic filamentary 
appearance. The penumbra 
is the element distinguishing 
sunspots from pores. 
Sunspots can steadily live 
for days to weeks. When 

sunspots decay, they will 
first loose their penumbra 
to become again pores 
(or “naked” sunspots) and 
will get disrupted by the 
surrounding granulation 
into smaller pores until 
they eventually disappear 
as  small magnetic 
concentrations or plages. 

The 4-metre European Solar 
Telescope shall allow us 
to investigate in detail the 
phenomenon of sunspot 
formation little explored so 
far. The few existing high-

resolution observations hint 
towards a strong involvement 
of the various layers of the 
solar atmosphere during 
sunspot formation. The 
high spatial resolution, 
polarimetric capabilities and 
multi-line spectral coverage 
of EST shall provide us with 
the necessary information to 
disentangle the processes 
inhibiting the granular 
convection to form dark 
umbrae and the development 
of the magneto-convective 
filaments that are observed 
in sunspot penumbrae.

Watch full movie at 
https://tinyurl.com/est0029
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High-Speed Jets 
in the Solar  
Corona

Solar coronal jets are 
impressive plasma ejections 
that occur in the outermost 
part of the atmosphere of 
the Sun. They have very high 
velocities, between 250 000 
and 1 450 000 kilometers 
per hour, which means that 
the fastest ones can cover 
the distance from Madrid to 
Barcelona in just 1.5 seconds.
 
These jets are composed of 
really hot plasma —more than 
one million degrees— and are 
mainly visible in coronal holes 

(regions with open magnetic 
field). Solar coronal jets were 
first observed in the 1990s, 
using the X-ray telescope 
onboard the Yohkoh satellite. 
Since then, they have been a 
hot topic in solar physics.

The figure shows a solar 
coronal jet observed on 20 
January 2007 with the X-Ray 
Telescope onboard the 
Hinode satellite in the south 
coronal hole. The color scale 
is reversed from the original 
observation. The coronal jet is 

Solar coronal jets are plasma ejections 
occurring in the outermost part of the 
atmosphere of the Sun 

By Dr. Daniel Nóbrega-Siverio, Institute of Theoretical 
Astrophysics, University of Oslo (Norway)

A solar coronal jet observed on 20 January 2007 with the X-Ray Telescope onboard the Hinode satellite in the south coronal 
hole. The color scale is reversed from the original observation. The coronal jet is the elongated dark structure that resembles 
an inverted Y (also known as an Eiffel Tower shape). / Image: Moreno-Insertis et al., 2008, ApJ, 673, L211.

the elongated dark structure 
that resembles an inverted 
Y (also known as an Eiffel 
Tower shape).
 
The physical mechanism 
responsible for the launch of 
solar coronal jets is magnetic 
reconnection: a process in 
which magnetic field lines 
of opposite polarities are 
“cut” and “pasted”, leading 

to a new configuration of 
the magnetic field as well as 
significant heating and high-
speed ejections. Despite our 
good knowledge of magnetic 
reconnection, there are still 
many open questions related 
to how it is triggered in the 
case of solar coronal jets. 

Thanks to its extremely high 
magnetic field sensitivity,  

the future 4-metre European 
Solar Telescope (EST) 
will allow us to study the 
magnetic field configuration 
in the lower atmosphere 
that leads to solar coronal 
jets. In addition, through 
coordinated observations of 
EST and space telescopes, 
we will be able to get a 
full understanding of this 
interesting phenomenon.
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Looking inside 
the Sun — Solar
Oscillations

When observing the Sun, one 
notices waves that travel 
across the solar surface. 
Like in a pot full of boiling 
water, the upwelling bubbles 
of solar plasma generate 
a humbling noise which 
results in these waves. Some 
of the waves are strongly 
amplified to sunquakes 
by the continuous forcing 
of the turbulent plasma 
motions, such that the solar 
surface is lifted by about 1 
kilometre in a regular rhythm 
of five minutes. Interestingly, 

these sound waves do not 
only travel along the solar 
surface. Depending on their 
frequency they can penetrate 
deep into the Sun’s core or 
travel upwards into the solar 
atmosphere. 

Helioseismology uses these 
waves to investigate the solar 
interior and atmosphere. 
Much is to be learned about, 
e.g. the large-scale plasma 
circulations and the peculiar 
rotation inside the Sun, which 
contribute to regular polarity 

Helioseismology uses waves to 
investigate the solar interior and 
atmosphere

By Prof. Markus Roth, Leibniz Institute for Solar 
Physics (Germany)

Seismic waves (left) as excited by strong convective motions on the solar surface (right). The observations were obtained 
with the 1-m SUNRISE balloon-borne solar telescope in 2009. / Image: Roth et al., 2010, ApJ, 723, L175.

reversal of the Sun’s magnetic 
field every eleven years. In 
between these reversals, 
the Sun shows a complex 
magnetic field with sunspots 
as short-lived magnetic poles 
distributed on the surface. 
The more complex the field 
gets, the more likely solar 
eruptions happen which can 
result in strong solar storms.

Helioseismology makes it 
possible to determine the 

conditions below and around 
sunspots to understand why 
complex magnetic regions 
can produce strong plasma 
ejections. The promise is 
to be able to detect the 
formation of sunspots inside 
the Sun before they appear 
on the solar surface. And, 
once they become visible, 
helioseismology aims to 
measure early in advance 
the various mechanisms that 
trigger vigorous eruptions 

in order to provide a reliable 
forecast on such events.

With the future 4-metre  
European Solar Telescope 
we will be able to learn 
how these seismic waves 
are generated on the Sun. 
Furthermore, we will be able 
to study in high temporal and 
spatial resolution how the 
waves interact with sunspots 
so that we can improve the 
helioseismic techniques.
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Magnetic Field 
in Spicules

Among the most intriguing 
structures that can be seen 
on the Sun are spicules. 
They were discovered in 
the 19th century by Father 
Angelo Secchi and named 
spicules in 1945 by Walter 
Orr Roberts. With high spatial 
and temporal resolution, 
they are observed in the 
chromosphere as thin jet-like 
structures coming out of the 
solar limb. Spicules show 
very rapid variations (of the 
order of seconds) and have 
short lifetimes, decaying in 
less than a few minutes. They 
are significantly hotter than 
the surrounding plasma.

Although spicules cover 
only one percent of the solar 
surface, they may hold the 
key for understanding the 
heating of the chromosphere 
and corona. However, the me-
chanism responsible for their 
formation is still  unknown.

The observation of spicules 
is challenging due to their 
highly dynamic nature and  
narrow shapes. Many of 
their dynamic properties 
are known through   
imaging observations, 
while temperatures and 
densities have been 
inferred from spectroscopic 

Measuring magnetic fields in spicules 
is extremely challenging due to their 
small sizes and short lifetimes 

By Dr. David Orozco Suárez, Instituto de Astrofísica 
de Andalucía-CSIC (Spain)

Left: H-alpha image of the solar limb showing spicules. Right: Polarisation of the He I 10830 nm line along the spectrograph slit 
(top), example profiles (dots) and best-fit profiles (lines). The observations were taken with the Tenerife Infrared Polarimeter at the 
German Vacuum Telescope (Tenerife, Spain) under excellent seeing conditions. / Image: Orozco Suárez et al., 2015, ApJ, 830, L18.

measurements. However, the 
most important parameter 
associated with solar 
spicules —the magnetic 
field—, is extremely difficult to 
determine since polarisation 
measurements require long 
exposure times and are thus 
subject to strong blurring by 
the Earth’s atmosphere. The 
European Solar Telescope will 
gather far more photons than 
any existing facility, greatly 
improving this situation.

The image on the left shows 
spicules in the hot solar 
chromosphere as seen 
through an H-alpha filter. The 

region was scanned with a 
spectrograph slit (vertical 
thin line) and a polarimeter, 
to measure the 4 polarisation 
profiles (Stokes I, Q, U, and V). 
On the right, the top panels 
show a single slit position 
while the bottom panels 
display individual polarisation 
profiles. The observations 
were taken in the He I 1083 
nm triplet, a spectral line 
sensitive to a wide range of 
field strengths. The spicules 
are barely discernible 
(spatially resolved) due to the 
long integrations required. 
However, these observations 
were made under excellent 

seeing conditions.They 
are, by far, the best full 
polarimetric observations 
obtained to date (with 700 km 
spatial resolution) and have 
helped determine, for the first 
time, how the magnetic field 
vector varies with height in 
the atmosphere. 

The 4-m European Solar 
Telescope will significantly 
decrease the integration 
times, allowing us to resolve 
the fine-scale structure and 
complex dynamics of spicules 
by means of high-sensitivity 
full Stokes polarimetry in 
multiple spectral lines. 
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Measuring 
Magnetic Fields 
in Filaments

Filaments appear dark when 
seen in absorption on the 
solar disk. At the limb, they 
are called prominences and 
look like diffuse bright clouds, 
as they scatter light from the 
underlying disk.

Magnetic fields play a funda-
mental role in the formation, 
support, and eruption of 
filaments. The topology 
of the magnetic field is 
a key point because the 
magnetic force can balance 
the solar gravitational force 

and support the plasma in 
places where the fields are 
upward-curved, forming dips. 
In other words, the ability 
of a filament to emerge and 
produce measurable effects 
on Earth as a coronal mass 
ejection strongly depends on 
the topology of the field. 

Determining the magnetic 
properties of prominences, 
however, is not straightforward 
since there are only a few 
spectral lines with sufficient 
opacity to sample the 

Solar filaments are cool chromospheric 
plasma structures embedded in the 
extremely hot and less dense corona

By Dr. Andrés Asensio Ramos, Instituto de Astrofísica    
de Canarias (Spain) 

Solar filament observed on 17 June 2014 with the GRIS instrument at the German GREGOR telescope on Tenerife (Spain). 
The top panel shows an intensity map derived from the chromospheric He I 10830 Å triplet. The bottom panel shows the 
azimuth of the magnetic field inferred from an inversion of the data. / Image: Díaz Baso et al., 2019, A&A 625, A128. 

chromosphere. In addition, 
because of their wide and 
high formation region, 
those lines require complex 
modeling. The neutral helium 
(He I) triplets at 10830 Å 
and 5876 Å represent a 
good compromise between 
magnetic sensitivity and 
complexity of the numerical 
modeling. The He I 10830 Å
multiplet in particular has 
several advantages: it can 
be easily seen in emission 

in off-limb prominences 
or in absorption in on-disk 
filaments and is sensitive to 
magnetic fields from tenths 
to thousands of Gauss 
thanks to the joint action of 
atomic level polarisation, the 
Hanle and Zeeman effects.

Despite their usefulness, 
the polarimetric sensitivity 
required to characterise the 
magnetic field using these 
lines is very hard to attain 

with current telescopes. Long 
integration times are needed, 
so that a map of a filament 
unavoidably produces a 
static picture of a dynamic 
structure. The European 
Solar Telescope will provide 
the photon flux required to 
measure the polarisation in 
two-dimensional fields of 
view in the He I multiplets, 
with enough cadence to 
capture the time evolution of 
the field for the first time.
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Synergies between 
EST and Space 
Missions

We are living a golden era 
for solar physics. With 
telescopes like DKIST or EST, 
the battery of instruments we 
have on Earth will increase 
its power and potentialities 
by orders of magnitude. 
These instruments will allow 
us to observe tiny solar 
features hitherto unexplored. 
In particular, the magnetic 
field will be measured with 
unprecedented precision. 
Moreover, the capabilities 
of getting rid of the Earth’s 
atmospheric perturbations 

by our fleet of spacecraft, 
currently monitoring the 
Sun under stable conditions, 
provide complementary 
observations.

The scientific community 
realised two important 
aspects that are not covered 
with existing instruments, 
namely, remotely sounding 
the Sun far from the 
ecliptic and connecting the 
physics of the Sun with that 
of the inner heliosphere 
through simultaneous 

Coordination between EST and space 
missions will allow the Sun to be 
studied in unprecedented ways 

By Prof. Jose Carlos del Toro Iniesta, Instituto de 
Astrofísica de Andalucía-CSIC (Spain)

Artistic representation of Solar Orbiter facing the Sun. / Image: ESA.

measurements. Observing 
from an inclined vantage 
point is crucial to understand 
the solar magnetic field at 
the poles and, in particular, 
its behavior when the solar 
cycle changes. Combining 
remote sensing observations 
with in-situ measurements 
of particles and waves 
simultaneously obtained 
by a spacecraft flying close 
to the Sun is necessary to 
shed light on the origins of 
various phenomena that are 
relevant for life on Earth. ESA, 

in collaboration with NASA, 
conceived the Solar Orbiter 
mission to fulfil these and 
other objectives.

Images and spectra of 
the corona taken by Solar 
Orbiter in extreme ultraviolet 
and X-ray wavelengths will 
complement observations of 
the lower solar atmosphere 
by EST. When close to 
quadrature (Solar Orbiter-
Sun-Earth angle of 90º), the 
first stereoscopic magnetic 
and velocity measurements 

of the Sun will be available. 
They will help resolve a 180º 
ambiguity in the magnetic 
field azimuth and better 
constrain the velocity of the 
plasma. When in opposition 
(Solar Orbiter facing the 
far side of the Sun), we will 
have the first-ever view of 
the global magnetic field of 
the Sun. These are just a 
few examples of the many 
collaborations between the 
European Solar Telescope 
and Solar Orbiter that will be 
established in the future.  
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Convection in 
Sunspot Umbrae?

Sunspot magnetic fields are 
strong enough to suppress 
the convective motions that 
fill the surface of the Sun 
(a.k.a. the photosphere). We 
are talking big here, as the 
magnetic fields measured in 
sunspots have values around 
2000 Gauss. Therefore, 
one can get the idea that a 
sunspot is nothing but a dark 
structure filled with a huge 
magnetic field. Sort of moles 
in the Sun’s face.

But is this totally true? Well, 
no. Sunspots, and in particu-
lar their umbra (the darker 
central part of a sunspot), 

can be populated by bright 
substructures of different 
shapes and sizes that are 
caused by convection in the 
presence of magnetic fields. 
In other words, they are 
bubbles of hot material that 
rise and sink due to heating 
and cooling processes in the 
sunspot atmosphere.

Umbral dots (which look like 
coffee beans, due to their 
shape) and light bridges 
are among the convective 
substructures that have 
been observed in sunspots. 
They host regular convective 
motions, with upflows 

By Dr. Ada Ortiz, Expert Analytics (Norway)

occurring in the central 
part and downflows at the 
edges. Theoretical models 
had predicted the existence 
of such motions, but an 
observational confirmation 
was missing until recently.

Measurements taken at the 
Swedish 1-m Solar Telescope 
(SST) proved that umbral 
dots and light bridges are 
more complex that previously 
thought, and that some even 
present a dark lane traversing 
them (an example of a 
substructure inside another 
substructure; you know, 
nature is quite complex). 

Such dark lanes are clearly 
seen in the figure.

These observations 
discovered the presence of 
downflows at the edges of 
umbral dots. This finding was 
possible thanks to the high 
spatial resolution of the SST. 
In addition, it was realised 
that umbral dots exhibit 
fields 500 Gauss weaker 
than the surrounding umbra 
and that the dark lanes 
have even weaker fields. 
The big challenge when 
observing these features is 
that they are really small, 
around 300 km in diameter. 

Together with their rapid 
evolution, this complicates 
the determination of their 
velocities and magnetic fields 
to a very large extent. 

The 4-m primary mirror of the 
European Solar Telescope 
will allow us to make the most 
precise measurements of 
magnetic fields and velocities 
ever, as well as to study their 
temporal evolution with 
unprecedented detail. Then, 
small substructures like 
umbral dots and light bridges 
will not remain at the edge of 
what is observable any more. 
Bigger is sometimes better!

Examples of umbral dots and light bridges, convective substructures in sunspot umbrae. The observations were taken at 
the Swedish 1-m Solar Telescope on La Palma (Spain) and reach the diffraction limit of the telescope. / Images: Ortiz et 
al., 2010, ApJ, 713, 1282 (left) and Rouppe van der Voort et al., 2010, ApJ, 718, L78 (right). 

Do the strong magnetic fields of 
sunspots entirely supress convective 
motions in the umbra?
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