
Mem. S.A.It. Vol. 92, 71
© SAIt 2021 Memorie della

Observation and Characterization of the Solar
Turbulent Convection

G. Viavattene1,2
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Abstract. The turbulent solar magneto-convection is one of the most intriguing phe-
nomena observed on our star and it presents several aspects that are not yet completely
understood. In this work, the physical properties of the solar turbulent magneto-convection
are studied using two complementary approaches: the analysis of a spectropolarimetric
dataset and the design, development and realization of instrumentation for Solar Physics
applications. Concerning the data analysis, I present a comparison of results from the
application of different techniques to estimate the properties of the solar plasma and
from the verification of the Gallavotti-Cohen Fluctuation Relation. For the instrumental
development, three different activities are described, all aiming to improve the current tools
to study the solar magneto-convection.
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1. Introduction: the Solar Convection

Convection due to vertical temperature gra-
dient inside a gravitational field is one of
the most frequent type of fluid motion in
astrophysical environments and yet one of
the most complex and poorly known because
of its non-linear and non-local behaviour
(Nordlund et al., 2009; Stein, 2012). In the
Sun, the convection produces a large variety of
phenomena that are observed in the solar at-
mosphere and it is of fundamental importance
for the internal structure and appearance of the
Sun. The simple Rayleigh-Beńard convection
theory (Getling, 2001; Ching, 2014), used

to describe the convective processes, is not
sufficient to describe the high dynamics of the
solar convection because this is a very peculiar
case of convection for several reasons: 1) the
downflow plasma of the solar convection is
turbulent due to the high density stratification
in the upper convection layer, which generates
unstable and evolving convective cells; 2)
the magnetic fields generated by the dynamo
process permeate the whole solar surface, pro-
ducing a perturbation of the Rayleigh-Beńard
convection pattern; 3) the solar surface is
a complex interface layer where there is a
strong transition of the energy transport mode,
from the convection of the lower layers to
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Fig. 1. First light image of the Daniel K. Inouye Solar Telescope (DKIST) on the solar convection. Credits:
National Solar Observatory (NSO), National Science Foundation (NSF), Association of Universities for
Research in Astronomy (AURA).

the radiation of the free-streaming photons of
the upper layers. This high complexity makes
difficult the description of the phenomenon
and requires a more detailed description and
modeling, that deserves further observational
and numerical studies.
Fig. 1 shows the highest spatial resolution
image of solar convection available at present
recently acquired during the first light of the
Daniel K. Inouye Solar Telescope (DKIST)
(Keil et al., 2009; Woeger, 2016; Rast, 2015;
Tritschler et al., 2015).

There are several spectropolarimetric observa-
tions of the solar convection and its interaction
with the magnetic fields (Berrilli et al., 2001,
2002; Del Moro, 2004; Wilken et al., 1997;
Puschmann et al., 2005). The shapes, widths
and shift of the solar photospheric spectral
lines bring information about the velocity
and temperature of the convective plasma and
the correlation between these two physical
parameters causes the spectral line asymme-
tries (Asplund et al., 2000). Usually, the more
frequently observed spectral lines to infer the
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physical properties of the solar convection are
the Fe lines, because they are mainly formed
in the stable overshooting layer of the pho-
tospheric convection (Landi Degl’Innocenti
and Landolfi, 2004a). The dimension of the
convective cells (see Fig. 1), called granules, is
approximately 1 Mm (which is the horizontal
scale where the convective motions are driven
by the radiative cooling), which corresponds
approximately to 1 arcsec. They are hotter
and brighter than the surrounding and they
are associated to upflow plasma movements.
The intergranular lanes, instead, are cooler
and darker and they host a turbulent downflow
movement. The density of the solar convective
plasma is between 10−5 kg/m3 and 10−3

kg/m3 for the granules and the intergranular
lanes, respectively, and the upflow/downflow
velocities therein are between ±2 km/s. The
observed convective blue-shift of the spectral
lines of unresolved sources is caused by the
fact that the upflow granules occupies 2/3 of
the solar photospheric area and, instead, the
downflow intergranular lanes occupied 1/3 of
the area (Löhner-Böttcher et al., 2018). The
time scale of the convective cells evolution
ranges between 5 and 10 minutes.
The solar convection pattern in the pho-
tosphere is altered by the presence of the
magnetic fields, which have values between
few tenths of Gauss and few kGauss (Nordlund
et al., 2009; Stein, 2012; Bellot Rubio and
Orozco Suárez, 2019). The magnetic ele-
ments in the solar photosphere have lower
gas pressure and therefore higher magnetic
energy than the surrounding, since the sum
of the magnetic and the gas pressure must
be constant. Therefore, in these magnetized
elements, the plasma beta β = pgas/pmag is
greater than one (Vögler et al., 2005).
The spectrum of the horizontal displacement
of the solar magnetic elements scales as
< (∆r)2 > ∝ τγ, where ∆r is the distance
between two magnetic elements and τ is the
time since the first detection. This epctrum has
been evaluated in several works (Giannattasio
et al., 2013, 2014a,b, 2018, 2019) and it shows
a diffusive exponent γ between 1.20 and 1.55,
which is characteristic of the super-diffusive
dynamic regime. This result provides a strong

evidence that those magnetic elements are
transported by the convective motions.
Some magnetic flux tubes, which are located
in the intergranular lanes, are called magnetic
bright point (MBPs, see Fig. 1), and they
appear brighter with respect to the surrounding
because they are emptied of plasma and their
radiation comes from deeper and hotter layers.
The MBPs are customarily observed in the G-
band at 430 nm of the solar spectrum and they
emerge continuously in the solar photosphere
with both magnetic polarities, producing
phenomena of coalescence, fragmentation and
cancellation (Viticchié et al., 2010; Viticchiè
et al., 2011; Viticchié, 2012; Guglielmino
et al., 2012; Romano et al., 2012; Stangalini
et al., 2009; Sánchez Almeida et al., 2010;
Martı́nez González and Bellot Rubio, 2009).
These physical phenomena related to the solar
magneto-convection are nowadays observed
and studied with top level spectropolarimetric
instrumentation based on imaging interferom-
etry or slit spectroscopy. The spatial resolution
reached by solar spectropolarimetric obser-
vations, given by the 1 m aperture of the
current solar telescopes, has been largely
exploited; therefore our spectropolarimetric
instruments are at their limit of spatial res-
olution to investigate the finer details of the
solar convection. In addition, they suffer from
not enough high polarimetric sensitivity. This
is the reason because there is a urgent need
to built large diameter solar telescope up to
4 m of aperture, such as the recently opened
DKIST (Keil et al., 2009; Woeger, 2016; Rast,
2015; Tritschler et al., 2015) and the planned
European Solar Telescope (Collados, 2008;
Collados et al., 2010a,b; Zuccarello and EST
Team, 2012). The four time larger diameter of
new-generation solar telescopes will allow us
to capture more photons, therefore increasing
the spectral resolution and the polarimetric
sensitivity, and to reach an angular resolution
of 0.04′′ (corresponding to 30 km on the solar
photosphere) with the use of Adaptive Optics
(AO) and Multi-Conjugates Adaptive Optics
(MCAO).
Radiative magnetohydrodinamic (MHD)
numerical simulations are able to reproduce
with high fidelity the granulation pattern
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including the interaction with the magnetic
fields (Vögler et al., 2005; Gudiksen et al.,
2011) and other observed phenomena, such as
the reduction of the granules dimension and
the appearance of the MBPs in the intergran-
ular lanes. But those simulations still can not
predict the evolution of magnetic structures
and describe sufficiently all the phenomena
that are observed with realistic values of the
involved physical quantities (Nordlund et al.,
2009; Stein, 2012). Numerical simulations
are not only used to explain the physical
processes or to validate the observational
hypotheses, but also to formulate predictions
about observations. Recent simulations (Calvo
et al., 2016) show that some brightness
enhancements, interpreted as MBPs, should
be instead of convective origin because the
swirling motion in small regions with lower
density could produce a depression due to the
centrifugal force, causing and enhancement
of the radiation, which comes from an hotter
and deeper layer. This phenomenon has not
yet been observed due to the spatial resolution
limit of present solar telescopes.
The aim of this work, which reports on the
main results of my PhD thesis, is to provide
a better characterization of the solar turbulent
magneto-convection using two complemen-
tary approaches: data analysis and instrument
design and development.

2. Spectropolarimetric Analysis of a
Solar Convection dataset

2.1. Solar Spectropolarimetry and
Analysis Methods

Solar spectropolarimetry is a powerful tool
to investigate physical processes occurring in
the solar atmosphere. The different states of
polarization of the light at different wave-
lengths have in fact encoded the informa-
tion about the dynamical and the thermody-
namical states of the solar plasma and the
interacting magnetic fields. The propagation
of an electromagnetic radiation through a
stellar atmosphere is a non-linear, complex,
three-dimensional and time dependent prob-

lem and it involves the physical properties of
the whole atmosphere (Landi Degl’Innocenti
and Landolfi, 2004b; Landi Degl’Innocenti,
2004; Viavattene et al., 2019c). Following the
notation of Landi Degl’Innocenti and Landi
Degl’Innocenti (1985), the radiative trans-
fer equation (RTE) describes how the radia-
tion propagates through the stellar/solar atmo-
sphere:

dI
dτ

= K(I − S) (1)

where I = (I,Q,U,V)T is the Stokes vector
(which describes the polarization state of
the light through the 4 Stokes profiles I,
Q, U and V), τ is the optical depth at the
transition wavelength, K is the propagation
matrix (which describes the phenomena of
absorption, dichroism and dispersion) and S
is the source function vector (which is the
Planck function in Local Thermodynamic
Equilibrium (LTE)). The elements of the
K matrix depend on the magnetic field in-
tensity B, inclination θ and azimuth φ, the
line-to-continuum absorption coefficient η0,
and on the absorption and dispersion profiles,
which depend in their turn on the Doppler
width (broadening due to the thermal motion),
the Voigt and the Faraday-Voigt functions.
These two functions are directly connected
with the damping parameter (which accounts
for the collisional effect) and the Doppler
velocity of the moving plasma. In this regard,
the observation of the different polarization
states of the light at different wavelength gives
us information about the physical processes
involved in the observed phenomena.
In this work, two methods are used to analyze
solar spectropolarimetric data: the Center of
Gravity Method and the inversion techniques.
The Center of Gravity (CoG) Method
(Semel, 1967; Rees and Semel, 1979; Landi
Degl’Innocenti and Landolfi, 2004a) is one
of the simplest methods used to solve the
RTE and to obtain the values of magnetic
field and the velocity along the Line-of-Sight
(LoS). When the magnetic field is below a
few hundreds of Gauss, it is proportional to
the amplitude of the Stokes V lobes, and the
weak field approximation is valid, so that
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ḡ ∆λB
∆λD

<< 1, where ḡ is the effective Landé
factor of the observed spectral line, ∆λB is
the Zeeman splitting caused by the magnetic
field and ∆λD is the Doppler width of the line.
Under this assumption, the LoS magnetic field
and LoS velocity can be determined using the
following equations:

BLoS = B cosγ =
1.071 × 109

ḡλ2
0

(λ+ − λ−) (2)

vLoS =

∫
I(λ)λ dλ∫
I(λ)dλ

(3)

where:

λ± =

∫
[Ic − I±(λ)] λ dλ∫
[Ic − I±(λ)] dλ

(4)

I±(λ) =
1
2

[I(λ) ± V(λ)] (5)

and λ is the wavelength. The CoG Method
requires short computational time and it is
usually used for a rapid estimation of the LoS
magnetic field and LoS velocity.
The weak field approximation and the CoG
Method can only reproduce a simple at-
mosphere; nature is always more complex
than this. Asymmetric Stokes profiles are
often observed in solar spectropolarimetric
datasets and it is necessary to increase the
complexity of the atmospheric model to
match the observations. Indeed, the physical
parameters of the solar atmosphere vary with
the geometrical depth, and therefore with the
optical depth. A more proper approach to
analyze this kind of solar spectropolarimetric
datasets is to use the strategy of the inversion
(del Toro Iniesta and Ruiz Cobo, 2016). If
the physical parameters of the atmosphere
are known, we can make a synthesis of the
emergent Stokes vector using the RTE. But
in observational solar physics one of the
fundamental goals is to solve the opposite
problem, which therefore is that of extract
the physical conditions of the atmosphere
from the observed Stokes vector, making and
inversion of the RTE (Ruiz Cobo and del Toro
Iniesta, 1992, 1994). Inversion codes like SIR

(Stokes Inversion based on Response function)
(Ruiz Cobo and del Toro Iniesta, 1992) or
NICOLE (Non-LTE Inversion COde using the
Lorien Engine) (Socas-Navarro et al., 1998,
2000; Socas-Navarro, 2015; Socas-Navarro
et al., 2015), find a numerical solution of the
RTE using iterative processes based on the
Levenberg-Marquardt algorithm (Levenberg,
1944; Marquardt, 1963), until a best fit
between the observed Stokes vector Iobs(λ)
and the synthetic one Isyn(λ) is achieved by
minimizing a merit function χ. Therefore, the
inversion codes retrieve a stratification of the
physical parameters of the solar atmosphere
(T , pe, vmic, B, θ, φ, vLoS ), which better
reproduce the spectral line asymmetries.

2.2. Comparison between
Center-of-Gravity Method and
spectropolarimetric inversions on a
quiet-Sun convection dataset

The spectropolarimetric dataset used in this
work was acquired with the Interferometric
BIdimensional Spectropolarimeter (IBIS)
(Cavallini, 2006) installed at the Dunn Solar
Telescope (DST) on 2006 November 21st.
IBIS measured the 4 Stokes profiles in the
spectral region containing two Fe I spectral
lines at 630.15 nm and 630.25 nm and si-
multaneous and co-spatial broad-band images
in the G-band. The Field-of-View (FoV)
imaged by IBIS is near the disk center and it is
40′′ × 40′′ (corresponding to 30×30 Mm2 on
the solar photosphere), the spatial resolution
is 0.17′′ (corresponding to 120 km on the
solar photosphere), the time resolution is 89
seconds (time to perform a complete spectral
scan) and the total duration of the dataset is
approximately on hour (41 spectral scans).
The dataset has been calibrated using the IBIS
standard pipeline (Viticchié et al., 2010).
This dataset has been analyzed to characterize
the solar convection with two physical param-
eters: BLoS and vLoS , both determined with
CoG Method and NICOLE code. Regarding
the CoG analysis, Eq. 2 and Eq. 3 are used to
compute the LoS magnetic field intensity and
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the LoS velocity, hereafter referred as BCoG
and vCoG, pixel by pixel for each spectral scan.
The dataset has been also inverted pixel by
pixel with NICOLE inversion code retrieving
the LoS magnetic field and the LoS velocity,
hereafter referred as Binv and vinv. For further
details on this analysis, see Viavattene et al.
(2018).
Fig. 2 shows the maps of BCoG and Binv of one
spectral scan. It can be noticed that, although
the analysis has been performed pixel by
pixel, both methods retrieve coherent mag-
netic structures. Fig. 3 shows the Probability
Density Functions (PDFs) of BCoG and Binv,
computed excluding the pixels with signals
lower than three times the noise. The wings of
the PDF of BCoG break down at approximately
± 500 G due to the saturation effect of the CoG
Mehod for magnetic fields greater than 400 G,
since the weak field approximation is not valid
anymore. The PDF of Binv, instead, is very
peculiar because its central part is not sym-
metric and two asymmetric bumps at ± 100 G
are clearly visible. A possible explanation of
these two features is that inversion techniques
tend to overestimate the weak magnetic fields:
in fact, the two bumps could be generated by
the pixel that should have lower values but are
redistributed to higher values by the inversions
(Viavattene et al., 2018; del Toro Iniesta and
Ruiz Cobo, 2016).
Similarly, the maps of vCoG and vinv are
reported in Fig. 4. The granulation pattern is
clearly visible, with the upflow granules and
the downflow intergranular lanes. The PDFs
of vCoG and vinv are reported in Fig. 5. Both
have the maximum at 0 km/s, but different
shapes: the PDF of vCoG is more symmetric
because the CoG Method retrieves the physical
information “averaged” in the atmospheric
layer where the spectral line is mainly formed;
the PDF of vinv is asymmetric because the
inversion techniques retrieve a stratification of
a physical parameter with respect to the optical
depth and therefore the values at a given layer
(log τ = −1 for comparison with the CoG
Method) are influenced by the value in the
neighboring atmospheric layers. The spike
at vinv = −2 is the effect of those inversions
which did not converge to a solution, and the

two bumps stand for pixels with high value
of downflow velocity associated with high
photospheric temperature profiles, which have
no physical meaning.
The results of this comparison analysis show
that the CoG Method requires less computa-
tional time but it is based on more assumption
and it retrieves the values of the atmospheric
parameters in the “averaged” layer where the
spectral line is mainly formed; the inversion
technique, instead, requires more compu-
tational time, it retrieves a more complete
description of the observed phenomenon,
since it provides a stratification of the atmo-
spheric parameters, but it has the tendency to
overestimate the weak magnetic fields.

2.3. The Solar Convection as a
Non-Equilibrium Steady-State
system

The physical system of the solar convection
presents phenomena related to strong turbu-
lence in the intergranular lanes due to the high
Rayleigh number of the upper convection layer
and due to the high density stratification, mak-
ing the Sun the only observable system where
to analyze these extreme processes. In fact,
the high Rayleigh number of the solar convec-
tion (> 1012) is not reproducible in laboratory
experiments (maximum Rayleigh number ever
reached is 107) (Niemela et al., 2000).
Linear and non-linear statistical thermodynam-
ics predicts that in systems out of equilibrium
there is a spontaneous production of entropy
which originates the irreversibility, according
to the second law of thermodynamics. In par-
ticular, the entropy production rate is the phys-
ical parameter used to described the departure
from equilibrium of such systems (De Groot
and Mazur, 2013). The study of the entropy
fluctuations in the granules and in the inter-
granular lanes, which drive the solar convec-
tion, could be of relevant importance to vali-
date this general theory. Thus the Sun becomes
a natural laboratory where the physics of tur-
bulent convection with high Rayleigh number
can be investigated.
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Fig. 2. Left panel: Map of the LoS magnetic field evaluated with the CoG Method. Right panel: Map of
the LoS magnetic field evaluated with NICOLE inversions. Figure adapted from Viavattene et al. (2018).

Fig. 3. Left panel: PDF of the LoS magnetic field evaluated with CoG Method. Right panel: PDF of the
LoS magnetic field evaluated with NICOLE inversions. Figure adapted from Viavattene et al. (2018).

Fig. 4. Left panel: Map of the LoS velocity evaluated with the CoG Method. Right panel: Map of the LoS
velocity evaluated with NICOLE inversions.
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Fig. 5. Left panel: PDF of the LoS velocity evaluated with CoG Method. Right panel: PDF of the LoS
velocity evaluated with NICOLE inversions.

In the last decades, several works have been
presented to describe the entropy production
rate fluctuations in non-equilibrium systems.
The Gallavotti-Cohen Fluctuation Relation
(GCFR) (Gallavotti and Cohen, 1995) is one of
the most important of these and it describes the
symmetry features of a dimensionless charac-
terization of the phase space contraction rate p
in non-linear and out of equilibrium regime un-
der the time-reversal and chaotic assumption.
The GCFR can be expressed as follows:

lim
τ→∞

1
τσ+

ln
πτ(+p)
πτ(−p)

= p (6)

where π(±p) is the probability of finding a pos-
itive or negative value of the phase space con-
traction rate and σ+ is the average phase space
contraction rate over an infinite time. In gen-
eral, the GCFR is also valid for a flux quantity,
such as heat, energy, momentum flux, entropy
production rate, and so on, since it is related to
the statistics of a variable linked to the phase
space contraction rate. For the vertical heat flux
J, the GCFR can be written as follows:

lim
τ→∞

1
τ

ln
π(Jτ = J)

π(−Jτ = −J)
= α+J, (7)

where α+ is a constant. Despite the GCFR
was initially inferred for global quantities, it
was also proved to be valid in the time aver-
aged quantities Jτ(r) = 1

τ

∫ t+τ
t J(r, t′)dt′ and

for local quantities (Gallavotti, 1999; Evans

and Searles, 2002). In the asymptotic regime
(τ→ ∞), the following linear relation is valid:
α(τ) ∼ α+τ, thus obtaining:

ln
π(+Jτ)
π(−Jτ)

∼ α+τJτ (8)

Although there are some instrumental verifi-
cation of the validity of the GCFR in differ-
ent laboratory setups (Ciliberto et al., 2004;
Shang et al., 2005), there are no observational
verifications of it on a real physical or astro-
physical system. In this regard, the dissipative
processes of the solar convection, viewed as a
Non-Equilibrium Stationary-State (NESS) sys-
tem, turn into an unequaled laboratory to test
the GCFR.
Following Shang et al. (2005), the local verti-
cal heat flux jz(r, t), where r is the vector posi-
tion and t is the time, can be used as a proxy of
the local entropy production rate σ(r, t), since
σ(r, t) ≈ V0 jz(r, t)∇z

(
1
T

)
, where V0 is the vol-

ume in which the local quantities are evaluated
and ∇z

(
1
T

)
is the vertical gradient of the tem-

perature T . The local vertical heat flux jz(r, t)
can be computed as follows:

jz(r, t) ∼ vLoS (r, t)δT (r, t) (9)

where δT (r, t) = T (r, t) − T0, with T0 the aver-
age temperature.
Using the same IBIS/DST spectropolarimetric
dataset of the previous section, the tempera-
ture maps T (r, t) have been evaluated using
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the Stefan-Boltzmann black body radiation law
and the LoS velocity maps vLoS (r, t) have been
evaluated using the CoG Method. For further
details on this analysis, see Viavattene et al.
(2019a,b). Since we are interested in the solar
convection pattern not altered by the presence
of magnetic fields, we excluded those pixels
with a magnetic field intensity greater than 50
G. A sample of temperature and LoS velocity
maps are reported in Fig. 6. An example of a
vertical heat flux maps is showed in Fig. 7 (left
panel).
To study the statistics of jz(r, t) and to test the
steady state of the GCFR, a running average
of jz(r, t) over a time interval τ has been com-
puted using the following relation:

Jτ(r, t) =
1
τ

∫ t+τ

t
jz(r, t′)dt′. (10)

The Probability Density Functions (PDFs)
evaluated with the Kernel Method (Kaiser
and Schreiber, 2002) for some values of
Jτ(r, t) are reported in Fig. 7 (right panel).
The PDFs shrink when τ increases and the
most probable value tends to a non-zero value
for high values of τ. The shapes of the PDFs
are clearly non-Gaussian and asymmetric and
this confirms that the solar convection is a
non-equilibrium process. In particular, their
lepto-kurtotic shapes are characteristic of
turbulent processes.
In Fig. 8 (left panel), the logarithmic ratio from
Eq. 8 has been reported for the same value of
the PDFs of Jτ(r, t) showed in Fig. 7 (right
panel). The linear fits are overplotted with
dashed lines. It can be noticed that the slopes
of the linear fits increase when τ increases.
In Fig. 8 (right panel), the plot of the α(τ)
parameter is shown. The linear fit is performed
for τ > 900 s. It can be clearly noticed that
there is a good linear behaviour between α
and τ, especially for τ ∼ 600÷800 s, which
is the typical lifetime of the convection cells
(Berrilli et al., 2002). In addition, by rescaling
α+ with the asymptotic values of J∞ ∼ 20 km
K s−1, a typical dissipation time scale τdiss
of the order of 100÷120 s is obtained, which
is in the same range of the typical velocity
decorrelation time (Berrilli et al., 2002) and

in the same range of the thermal adjustment
time, which is the time for the release of the
excess of the thermal energy. These evidences
reinforce considerably the GCFR validity test
on the solar convection. For other details, see
Viavattene et al. (2020b).
To conclude, we investigated the validity of
the GCFR on the solar turbulent convection.
The PDFs of the local vertical heat flux are
asymmetric and with a non-zero asymptotic
value, confirming that the solar convection
produces entropy spontaneously, as expected
from a NESS system. The obtained results
are the first verification of the GCFR in a real
astrophysical system (Viavattene et al., 2020b).

3. Solar Physics instrumentation
development

Modern Solar Physics requires top level
technologies for its telescopes and their suite
of spectropolarimetric instruments to acquire
data with high spatial, spectral and temporal
resolution in order to study the magnetic,
dynamic and thermodynamic properties of
the solar atmosphere. Solar telescopes are
usually build in a 25-30 m tower or on a
platform inside a lake to limit the effect of
the diurnal seeing caused by the warming of
the surrounding soil. The telescope tubes are
evacuated or fully opened with a truss structure
in order to reduce the seeing caused by the
warming of the optical path. The use AO or
MCAO systems is in any case mandatory to
minimize the daytime seeing and to improve
the effective angular resolution up to the
diffraction limit of the telescope. The first
limiting parameter is the angular resolution
αmin = 1.22 λ

D given by the telescope aperture
D at the observed wavelength λ. The second
enabling technology is the capability of an
instrument to distinguish a spectral feature,
which is usually expressed with the spectral re-
solving power RP = λ

∆λ
. The Sun is a spatially

extended source, therefore solar physicists
want to record 3D information (x-position and
y-position on the Sun, and the wavelength).
Unfortunately, nowadays we have only 2D
detectors, and there are two different ap-
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Fig. 6. Left panel: a sample of a temperature map evaluated using the Stefan-Boltzmann black body
radiation law. Right panel: LoS velocity map evaluated using the CoG method. Black pixels mask those
regions excluded from our analysis because they have magnetic field intensity greater than 50 Gauss. Figures
adapted from Viavattene et al. (2019a).

Fig. 7. Left panel: sample vertical heat flux map. As Fig. 6, black pixels mask those regions excluded from
the analysis. Right panel: PDFs of the Jτ evaluated with the Kernel Method: black is for J2, light blue for
J4, green for J8 and red for J16. Figures adapted from Viavattene et al. (2019a) and from Viavattene et al.
(2020b).

proaches to recover a 3D information on them:
to select a slice of the image and to disperse
the various components of the light (with a
prism or grating) and then moving the slice
along the image (slit-spectroscopy), or to filter
in wavelength the incoming light of the image
and then changing the spectral position of the
filter (spectro-imaging). Between these two
techniques, the second one is to be preferred

since the instruments based on Fabry-Perot
Interferometer (FPI) are more efficient with
respect to the ones based on grating spec-
trometer, although they reach a lower spectral
resolution. A FPI uses the multiple-beam
interferometry inside its optical cavity made
by two partially reflecting mirrors to produce
a spectral comb transparency profile. The
spectral comb can be shifted in wavelength
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Fig. 8. Left panel: logarithmic ratios averaged with τ evaluated using Eq. 8. Same colours of Fig. 7. The
dashed lines are the linear fits performed in the linear parts of the plots. Right panel: α(τ) parameter from
Eq. 6. The dashed line is the linear fit for τ > 900 s. Figures adapted from Viavattene et al. (2020b).

by varying the spacing of the optical cavity.
Combining the FPI with a suitable prefilter
which selects one of the peaks of the spectral
comb, an FPI-based instrument can be used to
perform spectro-imaging. In addition, a largely
used approach in Solar Physics is to use two or
more FPIs in tandem in order to obtain higher
spectral resolution.

3.1. Fabry-Perot Prototype for the
GREST Project

The fine control of the parallelism and the
positioning of the two plates of an FPI is of
fundamental importance to obtain the correct
spectral sampling. In this section, the design
and development of a Capacitance Stabilized
Etalon (CSE) controlled with one of the first
digital controllers is reported. A CSE is an
FPI whose spacing is driven by piezo-electric
(PZT) actuator and controlled by capacitive
sensors. The development of digital controllers
for CSEs is one of the most importart tech-
nological challenging for large-diameter FPI,
which will be largely used for 4-m class solar
telescopes like EST or DKIST.
The GREST FPI 50 and the ADS100 con-
troller are two prototypes developed by
the Solar Physics Group of the University
of Tor Vergata and the ADS International
company of Lecco (Milan, Italy) in the

framework the GREST WP3 project (https:
//est-east.eu/index.php/grest). The
FPI 50 is a CSE with an optical cavity of 50
mm in diameter (λ/20 of optical quality) with
three PZTs (0-150 V DC) in a 120◦ geometry
and monitored by five capacitive sensors
coupled in capacitive bridge circuit. The two
plates have a spacing of approximately 1 mm
and they are mounted in an housing that allows
to regulate their mutual tilt and spacing using
three micrometers, which insist on the three
PZTs. The six 22 pF capacitive sensors are
made by gold plated mirrors at a working
distance of 50 µm, which can be set using
other micrometers. Two capacitive sensors
are used to monitor the tilt along the x-axis,
other two for the tilt along the y-axis and one
coupled with an external reference capacitive
sensor (for the capacity drift due to the air
properties variation) is used to monitor the
plate distance.
The ADS100 has been developed by ADS
International in order to control the GREST
FP 50 prototype and it will replace the
old analogical controllers for CSE. It is a
milestone for the control of the closed loop
stability with the ability of digital filtering of
the signal during the spectral line scan. The
ADS100 is made by several components: the
digital-to-analog converter for the PZTs, the
high voltage amplifier, the capacitive sensors
interface and a PIC32 microprocessor. The

https://est-east.eu/index.php/grest
https://est-east.eu/index.php/grest


82 Viavattene: Observation and Characterization of the Solar Turbulent Convection

whole system is controlled by a Raspberry
PI. Programs developed in C and Python
2.7 are dedicated to the calibration of the
capacitive sensors response after a PZT stroke,
to maintain the plate parallelism in closed loop
with a frequency up to 40 Hz and to perform
a spectral scans varying the optical cavity
spacing. The GREST FPI 50 connected with
the ADS100 controller is shown in Fig. 9.
The electronic stability tests have been per-
formed using a climatic chamber in the ADS
International Laboratory with a tempera-
ture of 20±1◦C and a humidity of 65±1%.
The standard deviation of the noise of the
ADS100 connected with NP0 capacitance
(high tolerance and stability in temperature)
is of the order of 0.15÷0.38 mV. Instead, the
standard deviation of the noise of the ADS100
connected with the GREST FPI 50 prototype
was 0.20÷0.40 mV.
The optical tests and the spectral charac-
terization of the GREST FPI 50 have been
performed in the Solar Physics Laboratory of
the University of Rome Tor Vergata placing
the FPI alternatively in collimated beams
produced by a green laser (532 nm) and a
Sodium lamp using suitable lenses. Using
the laser beam, the plate parallelism has been
performed until only two interference fringes
are observed in afocal configuration, obtaining
a tilt of the two plates of the order of 200 nm.
Repeating the test with the GREST FPI 50 and
the ADS100 controller we obtained a noise of
0.25 mV. This value corresponds to a cavity
distance noise of 7.6 nm and to a spectral
noise of 5.0 pm. Performing a spectral scan
using the Sodium lamp, we obtained a spectral
sampling of 7.2 pm.
The results obtained during the tests are very
promising and satisfying. The noise measured
with the GREST FPI 50 is at the requested
level, considering the mechanical limitations
of the prototype. The ADS100 is therefore
able to control a CSE in closed loop up to
40 Hz. Currently, a new version of the the
ADS100 with improved performances is under
development.

3.2. Feasibility Study of a Narrow-Band
Imager based on Large-Diameter
Fabry-Perots and Off-Axis Parabolic
Mirrors

The design of a FPI-based narrow band imager
for 4-m class solar telescopes presents several
constraints. The requested spectral resolution
greater than 300.000 and a FoV greater than
90′′ requires the use of large optical elements,
and this implies large optical path. In particu-
lar, with these requirements, the conservation
of the optical étendue imposes the use of FPI
with a diameter of 200-250 mm.
In this section, a feasibility study of an optical
scheme proposed by Greco and Cavallini
(Greco and Cavallini, 2013) is presented with
the aim of reducing the encumbrances of the
instruments maintaining the original high opti-
cal and spectral performances. The conceptual
idea of Greco and Cavallini was proposed
for DKIST and it consists on a narrow band
imager based on large diameter (20 cm) FPIs
and off-axis parabolic mirrors with top level
instrumental performances: RP > 300.000,
FoV> 90′′, high angular resolution ∼0.05′′,
exposure time < 10ms to freeze the Earth’s
atmospheric seeing, wavelength range of
850-1650 nm and instrumental polarization
<0.5%. The 2D-plano optical design proposed
by Greco and Cavallini uses two FPIs of 200
mm of aperture and interference prefilters
of 70 mm of aperture (the best achievable
with modern coatings) all placed in pupil
planes. The beam is focused and collimated
using large diameter off-axis parabolic mirrors
coupled to each others in order to cancel their
polarimetric contributions to the signal. For
details, see Greco and Cavallini (2013).
Several 3D optical configurations have been
exploited in order to reduce the encumbrances
of the 2D design of Greco and Cavallini.
The frontal and the lateral views of the most
functional configuration have been reported in
Fig. 10. With respect to the initial conceptual
idea of Greco and Cavallini, some changes
on the positions of the optical elements are
proposed, but no changes on their optical
properties (optical distances, curvature radii,
and so on). After the focus of M1, FPI1 is
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Fig. 9. The GREST FPI 50 connected to the ADS100 controller.

placed in the pupil between mirrors M2 and
M3, the prefilter is placed in the pupil between
M4 and M5, FPI2 in the pupil between M6
and M7, and finally, after M8 the focal plane
image on the CCD detector is made by the
achromatic doublet D. The new 3D optical
design forecasts that mirrors M1, M4-M5 and
M8 are moved up and different sectors of the
off-axis parabolic mirrors are illuminated by
the beam. With this solution the encumbrance
of the instrument is significantly reduced
and the polarization-free requirements is
maintained: in fact, as showed in Fig. 10, a
90-degrees complementary angles geometry
has been chosen between the coupled mirrors
M1-M2, M3-M4, M5-M6 and M7-M8 in such
a way that the polarization introduced by one
mirror is compensated by the coupled mirror.
Analyzing the spot diagrams, the instrument is
still diffraction limited since the image spots
are inside the Airy disk for the whole FoV of
90′′.
The stringent mounting tolerances (less that
0.05) mm are very difficult to achieve with
off-axis parabolic mirrors in order to avoid
the large astigmatism and coma introduced by
this kind of optical surfaces. Currently, there
are several possible ways under investigation
to solve this issue on mounting tolerances: 1)
to use off-axis parabolic mirrors with longer
focal lengths, which are easier to manufacture
and less critical to be aligned; 2) to use off-axis
parabolic mirrors with less off-axis distance

in order to reduce the astigmatism and the
coma; 3) to use off-axis Maksutov cameras
(made by spherical surfaces and corrective
meniscus lens), since they are less sensitive
to the collimation and they are free from
astigmatism.

3.3. Optical Design and Realization of a
Telescope based on
Magneto-Optical Filters

To acquire complementary data to support
the high-resolution observations, full-disk so-
lar telescopes are needed (FoV>32 arcmin).
This kind of solar telescopes are usually used
to monitor the large-scale solar activity and the
active regions, to study the large scale convec-
tion pattern of the solar photosphere and for
Space Weather applications. The FPIs can not
be used easily for high spectral resolution full-
disk observations due to the large angle sub-
tended by the solar disk, which causes a wors-
ening of the FPIs’ effective finesse. For this
reason, Magneto-Optical Filter (MOF) based
telescopes are to be preferred. The optical de-
sign of such telescopes is quite critical due to
the aberration control on the final focal plane
image over the entire FoV. In this section, a
short description of the Tor vergata Synoptic
Solar Telescope (TSST) is presented.
The TSST (Calchetti et al., 2020; Viavattene
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Fig. 10. Frontal view (left panel) and lateral view (right panel) of the new proposed version of the optical
scheme for the narrow band imager based on large diameter FPIs and off-axis parabolic mirrors. The dummy
square optical surfaces stands for the thermostated box for the FPIs.

et al., 2020a; Forte et al., 2020; Giovannelli
et al., 2020) is a double channel solar tele-
scope realized in the Solar Physical Laboratory
of the University of Rome Tor Vergata for
Space Weather studies. The Hα channel is re-
alized with a Daystar SR-127 telescope which
uses an etalon to select the Hα spectral line
and it uses a dedicated focal reducer to ob-
tain a full-disk image of the Sun. The MOF-
based channel has been entirely designed with
Zemax software and it selects the right and
left polarized light of the two blue and red
wings of the Potassium K D1 spectral line at
769.9 nm exploiting the Macaluso-Corbino ef-
fect (Macaluso and Corbino, 1898; Macaluso
et al., 1899b,a).
A MOF is a filter based on resonant scattering
and it consists on a cylindrical cell filled with
a vapour of an alkaline metal placed inside a
strong longitudinal magnetic field and between

two crossed linear polarizers (Cacciani et al.,
1990; Cacciani and Moretti, 1994; Cimino
et al., 1968). Thanks to the Zeeman effect,
which causes the splitting of the spectral line,
and to the Macaluso-Corbino effect, the trans-
mission profile of a MOF is characterized by
two peaks placed on the wings of the spectral
line. A MOF-based solar telescope can be used
to obtain dopplergrams (D) and magnetograms
(M) of the entire solar disk by measuring both
polarization states (+ and −) in the red (R) and
(B) wings of the spectral line using the follow-
ing relations:

D =
R+ − B+

R+ + B+
+

R− − B−

R− + B−
(11)

M =
R+ − B+

R+ + B+
−

R− − B−

R− + B−
(12)

The two peaks of the Macaluso-Corbino
effect can be separated using a second cell
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(called Wing Selector (WS)) filled with the
same vapour and with a magnetic field twice
that of the MOF cell and using quarter-
wave plates (QWPs) and half-wave plates
(HWPs). In particular, the MOF channel of
the TSST uses the same modulation scheme
of the VAMOS (Velocity And Magnetic
Observations of the Sun) telescope (Oliviero
et al., 1998a,b; Severino et al., 2001; Oliviero
et al., 2002): a QWP and a rotating HWP
select the polarization state of the solar light,
the MOF cell between the two crossed linear
polarizers creates the passband with the two
spectral peaks, a rotating HWP a QWP and
the WS select the blue or the red wing of
the passband. For details, see Calchetti et al.
(2020); Viavattene et al. (2020a).
The optical scheme of the MOF channel of the
TSST as been designed using the Zemax soft-
ware, as described in Viavattene et al. (2020a).
The optical scheme has been implemented
following several requirements: 1) entrance
pupil diameter of 80 mm in order to have an
angular resolution of 2′′; 2) large FoV for
full-disk imaging; 3) collimated beam inside
the MOF and WS cells to avoid the internal
vapour seeing; 4) corrective lens to have an
aberration-free focal plane image; 5) and
compact scheme to reduce the encumbrances
and weights to mount it over a Sky-Watcher
EQ8 mount together with the Hα telescope.
Among the several studied optical scheme, the
adapted final solutions uses two 45◦ folding
mirrors to reduce the total length of the instru-
ment. The optical layout basically consists in
a double-Keplerian telescope with an imaging
lens and corrective lenses. Some rejection
filters are placed between the 80mm objective
lens L1 and L2. The interference filter (IF),
the QWP, the HWP and the MOF section are
placed in the collimated beam between L2
and L3. The HWP, the QWP and the WS are
placed in the collimated beam between L4
and L5. Finally the corrective lenses (CL)
eliminate all the aberrations (especially the
distortion and the field curvature) and form a
diffraction limited final focal plane image. For
details on the optical schem, see (Viavattene
et al., 2020a).
The spectral characterization of the instrument

has been performed using a tunable laser at
the Observatory of Capodimonte (INAF) in
Naples. The magnetic field and the temper-
ature of the MOF cell have been calibrated
in order to ensure the proper operation of the
filter, namely the two Macaluso-Corbino peaks
must be formed properly without transmission
between them (temperature tuning) and they
must have a distance of 0.02nm (magnetic
tuning). The magnetic field and the temper-
ature of the WS cell have been calibrated in
such a way that the WS passband must match
the MOF peaks in order to select one of them
alternatively according to the modulation
scheme. For details on the spectral calibration,
see Calchetti et al. (2020).
At the present time, the TSST is in assembly
and test phase: all the optical components
have been mountend and correctly aligned and
the first light of the instrument was in May
2020; the mechanical case and its temperature
control is in design phase. Future plans foresee
the installation of the TSST in a remote dome
in one of the Observatory of the Canary
Islands, probably at Roque de los Muchachos
in La Palma. The TSST will form a network
of full-disk solar telescopes together with
VAMOS and MOTH (Magneto Optical filters
at Two Heights) telescopes, which will be used
to retrieve magnetograms and dopplergrams
with high temporal cadence for Space Weather
applications.

4. Conclusion and Future
Perspectives

In this work, some aspects on the observation
and characterization of the solar turbulent
convection have been presented, which have
been addressed through spectropolarimetric
data analysis and instrument design and
development.
Regarding the data analysis part, an high res-
olution IBIS/DST spectropolarimetric dataset
has been used for a comparison analysis
between the Center-of-Gravity Method and the
inversion techniques, showing that inversion
techniques tend to overestimate weak mag-
netic fields. The same dataset has been used
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Fig. 11. Optical scheme of the Magneto-Optical Filter (MOF) channel of the Tor vergata Synoptic Solar
Telescope (TSST). Figure from (Viavattene et al., 2020a).

to test the validity of the Gallovotti-Cohen
fluctuation relation on the solar convection,
obtaining strong evidence for its validity and
confirming that the solar convection can be
modeled as a NESS system with a positive
production of entropy.
For the instrumental part, three different
projects have been presented. A Fabry-Perot
interferometer prototype controlled by the
ADS100 digital controller has been design
and developed in collaboration with ADS
International Company of Lecco, obtaining
very promising results on the electronical
noise and stability of the system, opening a
way to the next generation instruments for
large diameter solar telescopes. Following
the trail of next generation instruments based
on Fabry-Perot interferometers, a feasibility
study for a narrow band imager based on
large diameter interferometers and off-axis
parabolic mirrors has been performed; a
new 3D configuration has been implemented
following the conceptual idea of Greco and
Cavallini and its instrumental tolerances has
been analyzed. Finally, the entire optical
scheme of a Magneto-Optical Filter based
telescope has been realized for the Tor vergata
Synoptic Solar Telescope (TSST), a telescope
that will be primarily used for Space Weather
applications but it could be also used to study
the large scale patterns of the solar convection.
Concluding, this work shows how the study
of Solar Physics requires a multidisciplinary
approach, going from the radiative transfer

to the non-equilibrium statistical thermody-
namics. Indeed, the high complexity of the
solar magneto-convection needs top-level high
resolution instrumentation and large diameter
solar telescopes (like DKIST or EST) to pro-
duce high resolution spectro-polarimetric data,
which are analyzed with several techniques
and which are compared with models obtained
via numerical simulations.
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