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Ground-Based Experiments

EST. The European Solar Telescope

The European Solar Telescope (EST) is a next generation large-aperture solar
telescope. This 4-metre telescope will be optimized for studies of the magnetic
coupling between the deep photosphere and upper chromosphere. This will require
diagnostics of the thermal, dynamic and magnetic properties of the plasma over
many scale heights, by using multiple wavelength imaging, spectroscopy and
spectropolarimetry. To achieve these goals, the EST will specialize in high spatial
and temporal resolution using various instruments simultaneously that can
efficiently produce 2D spectral information. EST will be located in Canary Islands, one
of the first-class locations for astronomical observations.
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The scientific challenges

What can the Sun teach us about fundamental
astrophysical processes?

Observations of the Sun reveal intricate patterns of magnetic fields and the
complex dynamics of a stellar atmosphere at the physically relevant spatial
scales.

What drives solar variability on all scales?

The Sun varies on a wide range of spatial and temporal scales, displaying

Important energetic phenomena over the whole range. We do not fully
understand and cannot accurately predict basic aspects of solar variabllity.

What Is the impact of solar activity on life on Earth?

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



Common Ground?

Title: Evolution of Magnetism on the
Sun.ogv
Author: D.H. Hathaway/NASA

Date: 3 December 2010 -y

https://en.wikipedia.org/wiki/Solar cycle



https://commons.wikimedia.org/w/index.php?title=File%3AEvolution_of_Magnetism_on_the_Sun.ogv
https://en.wikipedia.org/wiki/Solar_cycle

Common Ground?
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As each cycle begins, sunspots appear at mid-latitudes, and then move closer and
closer to the equator until a solar minimum is reached. This pattern is best
visualized in the form of the so-called butterfly diagram. Images of the Sun are
divided into latitudinal strips, and the monthly-averaged fractional surface of
sunspots is calculated. This is plotted vertically as a color-coded bar, and the
process is repeated month after month to produce this time-series diagram.



Common Ground?
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Hathaway NASA ARC 2016/10

Time vs. solar latitude diagjram of the radial component of the solar
magnetic field, averaged over successive solar rotation. The
"butterfly" signature of sunspots is clearly visible at low latitudes.
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The MHD equations
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Prof. Manfred Schussler, 2008:
“In 100 years we will have
the computing power to
perform MHD simulations
from the large scales (1400
Mm) down to the dissipation
scale (10 cm).”




The flux-transport dynamo

Toroidal field + Right time scales
Just below the CZ + Right starting latitudes
Created by shear + Right tilt angle between emerging
Buoyancy of flux tubes polarities
Tilted AR emergence + Variation of the meridional flow
Active latitudes 2 affects the cycle
Decay by shredding ¢ - Decay of AR still a problem
Diffuse field - JUST a kinematic model

Meridional flow
Poleward migration for a
new poloidal field

/" / Rudiger & Hollerbach, The Magnetic Universe, Wiley-VCH, 2004

solar dynamo surface magnetic transport by... | e
fields differential rotation, meridional flow, diffusion




A kinematic dynamo model

MAIN INGREDIENTS:
Differential rotation Bl i
Diffusion ;

Meridional flow

. Surface B flux values
strongly dependent on
rotation rate and profile

. Period determined by
the characteristics of
the return flow

Isik et al., A&A 528, A135, 2011
Bonanno, Geophys. Astrophys. Fluid Dyn., 107, 2013






What is the Solar Differential Rotation?

Differential Rotation

Cooyrichl @ The MoGraw-Hil Companies, Inc. Permission requirad for reproduction or display.
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* The Sun undergoes differential rotation, 25
days at the equator and 30 at the poles

Howe, R. Solar Interior Rotation and its Variation.
Living Rev. Sol. Phys. 6, 1 (2009). https://doi.org/10.12942/Irsp-2009-
1



What is the Solar Differential Rotation?




HOW does Solar Differential Rotation vary?
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HOW does Solar Differential Rotation vary?

Toroidal field
Just below the CZ
Created by shear
Buoyancy of flux tubes
Tilted AR emergence
Active latitudes
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A kinematic dynamo model

MAIN INGREDIENTS:
Differential rotation Bl i
Diffusion ;

Meridional flow

. Surface B flux values
strongly dependent on
rotation rate and profile

. Period determined by
the characteristics of
the return flow

Isik et al., A&A 528, A135, 2011
Bonanno, Geophys. Astrophys. Fluid Dyn., 107, 2013



What Is the Return Flow?

A global flow pattern
within the Sun that
transports hot plasma

near the surface from the |

solar equator to the poles
and back to the equator
in the deeper layers of
the convection zone.

The flow at the surface is
rather slow, with typical
speeds of 10-15 m/s.

Conveyor

‘, Q Belt




HOW is the Return Flow?
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(Jackiewicz et al. 2015; Zhao et al. 2 (Schad et al. 2013; Schad & Roth 2016 in

; 241 5) prep.) y
Various Results: a) 1 errU(r.6) i errV(r,0)

« Single cell (Jackiewicz et al 2015., Rajaguru et al. 2 ‘

Double-cell flow (Zhao et al. 2013)
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What Is the Return Flow?

We can not ‘properly see it'-> (b) Toroidal fisld at 0.7R_(¢) Radial field at LOR
. ‘. = e e B x 3 x S
SIMULATE! ' L {{

A combination of three
forcing terms:

1) the Coriolis force acting on
the differential rotation;

2) a latitudinal
pressure/temperature
gradient; do- —
3) a Reynolds stress due to ' * time (yoar)
correlations between radial
and latitudinal motions in the
convective flows.

(Belucz et al., 2015)

Simulations of compressible
convection in rotating
spherical shells give highly
structured and variable
meridional flows. Miesch et
al. (2000)
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HOW is the Return Flow?

We can not ‘properly see it >
SIMULATE!

The meridional flow speed
controls both the dynamo
period and its strength.

Which one is

' . the Sun's"true"
We then choose that MF that o meridional

reproduce the observation! WP=q circulation




A kinematic dynamo model

MAIN INGREDIENTS:
Differential rotation Bl i
Diffusion ;

Meridional flow

. Surface B flux values
strongly dependent on
rotation rate and profile

. Period determined by
the characteristics of
the return flow

Isik et al., A&A 528, A135, 2011
Bonanno, Geophys. Astrophys. Fluid Dyn., 107, 2013



Another kinematic dynamo model

Convection and Diffusion on the Photosphere

Case SUN: (a) Case SUN_ .
prescriptions matching :

MAIN INGREDIENTS: measurements of solar K

Differential rotation flux emergence and
evolution.

Diffusion g 7 Case DISP:

Meridional flow same emergence as
Case SUN, but

_dispersal 10 times less

efficient.
Case LIN:
dependence of
magnetic feature
mobhility on flux

« Surface B diffusion removed
strongly dependent on Case LIN+DISP:

turbulent convection combination of LIN and
DISP.

properties re =, 1 o Ty et

De Rosa, Proc. IAU, S233, 2, 25, 2006 v e

tracked in t

GlannataSIO et al, ApJL, 2013 s: the continuos line fits a points up to




What is the Magnetic Diffusion?

This movie shows the evolution of quiet Sun fields over the course of three hours.

As can be seen, they continually move in response to the varying surface
convective flow field, change shape, and interact with nearby magnetic fields.
- e W VO TS TR e S T AT



SST_CRISP_20140516_StokesIandV_red_scan113_10fps.mov

HOW is the Magnetic Diffusion?

Magnetic element tracking to study the
transport and diffusion of the magnetic field on
the solar photosphere.

From the analysis of the displacement spectrum
a regime of super-diffusivity dominates the solar
surface.

Turbulent magneto-convection!

Giannattasio et al. A&A 569 A121,

2014.
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Fig. 2. Mean magnetogram saturated at +25Mx cm™. The coloured
tracks represent the trajectories of the 50 longest living magnetic ele-
ments. Their lifetime spans the range from ~ 4 to ~ 11 hours.



https://est-east.eu/?option=com_content&view=article&id=870&lang=en&Itemid=622

HOW is the Magnetic Diffusion?

Magnetic element tracking to study the
transport and diffusion of the magnetic field on
the solar photosphere.

From the analysis of the displacement spectrum
a regime of super-diffusivity dominates the solar
surface.

Turbulent magneto-convection!

1000
T [s]

Fig. 6. Displacement spectrum for all the 20145 magnetic elements
tracked in the FOV. The dashed line fits the data point up to ~ 1000
s: the continuos line fits the data points up to ~ 9000 s.

Giannattasio et al. A&A 569 A121, 2014.



HOW is the Magnetic Diffusion?

Magnetic element tracking to study the
transport and diffusion of the magnetic field on
the solar photosphere.

From the analysis of the displacement spectrum
a regime of super-diffusivity dominates the solar
surface.

Turbulence?

Turbulent magneto-convection!

Time delay (a.u



Another kinematic dynamo model

Convection and Diffusion on the Photosphere

Case SUN: (a) Case SUN_ .
prescriptions matching :

MAIN INGREDIENTS: measurements of solar K

Differential rotation flux emergence and
evolution.

Diffusion g 7 Case DISP:

Meridional flow same emergence as
Case SUN, but

_dispersal 10 times less

efficient.
Case LIN:
dependence of
magnetic feature
mobhility on flux

« Surface B diffusion removed
strongly dependent on Case LIN+DISP:

turbulent convection combination of LIN and
DISP.

properties re =, 1 o Ty et

De Rosa, Proc. IAU, S233, 2, 25, 2006 v e

tracked in t

GlannataSIO et al, ApJL, 2013 s: the continuos line fits a points up to




A quick look at the poles...

MAIN INGREDIENTS:
Differential rotation
Diffusion

Meridional flow

Figure 4. Polar viewsof Cases SUN, LIN, DISP, and LIN+DISP throughout half of 2 polarity
{or a full sunspat) ¢ : <
C,:,n-esp.:.nd to suco nima in the surspot C:}'-::I»E'.




The verges of magnetic activity

Fig.13. Field strength distribution at an activity minimum ( ),
and at a maximum ( l), for the K1 subgiant star. The m(,h—
nation of the rotation axis with respect to the line of sight is 30°. The
colour table shows the field strength with a saturation level at +300 G.

Isik et al., A&A 528, A135, 2011



KIC8691930

Super-flares on Kepler stars
(and their star-spots)

Observed amplitudes of the
optical brightness
modulation imply that a large
fraction of the stellar
photosphere is covered by
starspots.

Time [Days]

Fig. 4— (a) : Model light curve for KIC6691930. The model parameters are given in Table
Maheara et al., Nature, 485, 478, 2012 3. (b) & (c¢): Model pictures of the visible area of the photosphere with two starspots. (d):
Notsu et al., ArXiv:1304.7361v1, 2013

Observed light (solid line; the same as in Figure 1 (b)) and the model one (dashed line) for

KIC8691930,




Using the Sun (Real or Simulated)
to study the impact of stellar activity on
exoplanet detectability

Stellar activity produces signals that can be
observed in photometric light curves and radial
velocities.

They are due to:

1. Magnetic activity.

Due to spots and plages.
Varies on day-month time-scales and on year- 2: Spectral line profiles for a mode img star with o ( line) and
decade time-scales. e, ' o

2. Oscillations and pulsations.
They usually have an impact on minute-hour
time-scales

Use the models as templates to investigate the impact of magnetic activity and
turbulent convection diffusion on our ability to detect planetary signals

— IMPROVE the models!!
Berdyugina, Living Rev. Solar Phys. 2, 8, 2005

Lagrange et al., A&A, 512, A38, 2010
Lanza et al., A&A, 520, A53, 2010



What we need to improve the kinematic models?

Among others:

Establish observationally the physical processes affecting the surface distribution of
magnetic flux: emergence, submergence, aggregation, cancellation, fragmentation...

Quantify the relative contributions of small-scale turbulent dynamo and active region
decay to the magnetic flux budget of the “quiet sun” photosphere

Determine whether/how polar cap magnetic field feeds back into the solar interior

How to?
High Resolution (spatial/spectral/temporal) + High accuracy Polarimetry

— Photon starved!






High spectral/spatial/temporal resolution
measures of the magnetic field

Photon starved - 4m
High spatial resolution - Aperture, MCAO

High spectral/temporal resolution - NBI
Measures of B - Spectropolarimetry

)1




What Is Spectropolarimetry?

Within an intense magnetic field some
elements’ spectral lines are split in more
components and polarized

A spectral line from a gas discharge
lamp is split into 3 components at
Vo =V, Vg,Vo TV,

Vo unperturbed emission frequency

eoB

V) = = 1.3996 X 10°Bs~1
dmme

Larmor Frequency

Normal Zeeman Effect




How Is Spectropolarimetry performed?

Why spectra + polarimetry?

1) Magnetic fields not strong enough

2) Zeeman Splitting provides an approximation
and gives no information about the
geometry of the field

Longitudinal Zeeman effect

Polarization of the s P ectrum: Figure 2.2: Schema of the longitudinal Zeeman effect.

- Parallel to magnetic field
The central component disappears
The other components are circularly
polarized l

Transverse Zesman effect

- Perpendicular to magnetic field

All the components are linearly polarized, %{‘
the central parallel to magnetic field (17), the .
others perpendicular (o)

_ Slokes Q

Figure 2.3: Schema of transverse Zeeman effect.




How Is Spectropolarimetry performed?

Why spectra + polarimetry?

1) Magnetic fields not strong enough

2) Zeeman Splitting provides an approximation
and gives no information about the
geometry of the field

Polarization of the spectrum:

- Parallel to magnetic field
The central component disappears
The other components are circularly
polarized

- Perpendicular to magnetic field

All the components are linearly polarized,
the central parallel to magnetic field (17), the
others perpendicular (o)




How Is Spectropolarimetry performed?

Magretic fisld strength Inclination
1500 o

Polarimetric inversion:

the observed Stokes profiles carry much
information about the magnetism and
dynamics of the structures where they are
formed.

To extract this information a synthesis of
profiles simulating the observed ones is
required

—> lterative fitting to get the structure of that % S S
pixel of solar atmosphere




How Is Spectropolarimetry performed?

Polarimetric inversion:

the observed Stokes profiles carry much
information about the magnetism and
dynamics of the structures where they are
formed.

To extract this information a synthesis of
profiles simulating the observed ones is
required

—> lterative fitting to get the structure of that
pixel of solar atmosphere

20 20
Distance larcsec]




What is a Narrow Band Interferometer?

NBI is based on a resonant optical cavity:
Only wavelentghts that:

mA = 2n; d cos@
are transmitted.
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How is Narrow Band Interferometer?

Acquiring

monochromatic

images in

different points of
the “profile” of

spectral lines at

once over a large

FoV

Scan the line

0.2

Repeat
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How is Narrow Band Interferometer?

¥ g
pd 16:354:41 UT 16:45:05 ur 16:51:09 UT 16:56:21 UT 16:59:49 UT 17:06:4% ut 17:21:29 UT 7

Also multi-line! Wy o Yo emo oo, gl :

High ‘enough’
temporal
resolution

Or close to that




What is Multi-Conjugate Adaptive Optics?

Single Conjugated AO

High spatial resolution

~> Aperture, MCAO = ;: 2 Reference Star %
'e /
# 7 High
’ f Altitude
\' 2 Layer
Ground
Layer
/ < // Telescope
Y ¥ o Ground Conj. DM

WFC

On axis WFS .

{

© E Marchatti ¢ ESO 7 2004



What is Multi-Conjugate Adaptive Optics?

Anisoplanatism

Reference *Off-axis

*

High spatial resolution Star Star

- Aperture, MCAO W "

Residual
Turbulence

Atmosphere

Telescope

v

© EMarchetti /£SO /2004

L NS ey



High spatial resolution
- Aperture, MCAO

What is Multi-Conjugate Adaptive Optics?

¥

Multi-Conjugate Adaptive Optics
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© E Morchatti / ESO ¢ 2004 .
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Any other problem with a 4m Solar Telecope?

Photon starved = 4m

Heat rejecter



https://est-east.eu/est-gallery?video-heat-rejecter

So, what’s nEST?

The European Solar Telescope (EST) will be
the largest solar telescope ever built in
Europe, pursuing unique observations of the
magnetic processes taking place on the Sun.

EST will have a 4.2-m primary mirror and the
latest technology available, giving
astronomers the most powerful tool ever

conceived for observing the Sun.
EST will be deployed in the Canary Islands, a \ ‘
first-class location thanks to the sky quality lm'zgﬁll ]
and excellent conditions for astronomical T e e ;

observations.

:SOLARNE l -

PHASE

The European Association for Solar an St egic Mok Phepan '
Telescopes (EAST) is the entity promoting oY v ?
the project and intends to develop, construct
and operate EST. It is currently formed by 26
research institutions from 18 European
countries.

KEY MILESTONE

EST was included on the ESFRI Roadmap in
2016 and is therefore considered a strategic
research infrastructure for Europe.



Want to know more?

P.Charbonneau, 2020 Dynamo models of the solar cycle, Living Reviews in
Solar Physics volume 17, Article number: 4 (2020)

L. Bellot Rubio &D' Orozco Séurez 2019 Quiet Sun magnetic fields‘an
observational view Living Rewews in Solar Physics volume 16, Article
number: 1 (2019)

S. Basu (2016) Global seismoloqgy of the Sun Living Reviews in Solar Physics
volume 13, Article number: 2 (2016)

D. H. Hathaway (2015)The Solar Cycle Living Reviews in Solar Physics
volume 12, Article number 4 (2015)

R. Howe 2009 Solar Interior Rotatlon and its Variation Living Rewews In"Solar
Physics volume 6,/Article’number: 1 (2009)

EST Website (https://est-east.eu/est-project)



https://link.springer.com/article/10.1007/s41116-020-00025-6
https://link.springer.com/article/10.1007/s41116-018-0017-1
https://link.springer.com/article/10.1007/s41116-016-0003-4
https://link.springer.com/article/10.1007/lrsp-2015-4
https://link.springer.com/article/10.12942/lrsp-2009-1
https://est-east.eu/est-project

