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Abstract

This Letter reports the first observation of the onset of fully developed turbulence in the solar corona. Long time
series of white-light coronal images, acquired by Metis aboard Solar Orbiter at 2 minutes cadence and spanning
about 10 hr, were studied to gain insight into the statistical properties of fluctuations in the density of the coronal
plasma in the time domain. From pixel-by-pixel spectral frequency analysis in the whole Metis field of view, the
scaling exponents of plasma fluctuations were derived. The results show that, over timescales ranging from 1 to
10 hr and corresponding to the photospheric mesogranulation-driven dynamics, the density spectra become
shallower moving away from the Sun, resembling a Kolmogorov-like spectrum at 3 R.. According to the latest
observation and interpretive work, the observed 5/3 scaling law for density fluctuations is indicative of the onset of
fully developed turbulence in the corona. Metis observation-based evidence for a Kolmogorov turbulent form of
the fluctuating density spectrum casts light on the evolution of 2D turbulence in the early stages of its upward

transport from the low corona.

Unified Astronomy Thesaurus concepts: Magnetohydrodynamics (1964); Interplanetary turbulence (830); Space

plasmas (1544); Solar corona (1483); Solar wind (1534)

1. Introduction

Turbulence, or the complex and apparently disordered
motion of natural fluids, is a physical phenomenon that
pervades the Universe, developing in terrestrial and space
environments over a wide range of scales, from oceanic (e.g.,
Carbone et al. 2016; Huang & Wang 2019) and atmospheric
(e.g., Marino et al. 2022; Carbone et al. 2022a) flows, to the
dynamics of gas forming interstellar nebulae (e.g., Kritsuk et al.
2011; Federrath & Klessen 2012) and the intracluster medium
(e.g., Schekochihin & Cowley 2006). Despite its ubiquity and
progress in the field, as Nobel Laureate in physics Richard
Feynman remarked, turbulence remains “the most important
unsolved problem of classical physics” (Feynman et al. 1963).
Indeed, being a nonlinear phenomenon, it implies that different
modes do mutually exchange energy across different length
scales, making its analytical description challenging. In
addition, turbulence is a nonequilibrium process (both
dynamically and energetically), and therefore its study in
statistical /thermodynamic terms is very complex and still
under exploration (e.g., Gallavotti & Cohen 1995), as recently
shown for the solar photosphere (e.g., Viavattene et al. 2020,
2021). Finally, although it can be characterized, in a statistical
sense, by particularly ordered structures, turbulence is highly
chaotic with many degrees of freedom (Bohr et al. 1998),
limiting the applicability of standard chaos theories, known to
work satisfactorily only for systems with a few degrees of
freedom (e.g., Carbone et al. 2021, 2022b).

According to the phenomenology a la Richardson,
turbulence is initiated at large scales by the injection of energy
into the flow system by external forcing, such as large-scale
shears or instabilities. At intermediate scales, energy is
transferred conservatively through a hierarchy of eddies along
the turbulent cascade, down to smaller structures. Finally, when
the energy reaches the sub-ion scales, it gets dissipated into
heat by viscous stresses. Three different ranges of scales can
therefore be identified, corresponding to the injection, inertial
(or fluid) and dissipative (or kinetic) regimes. These are
characterized by different scalings of the power spectral density
of the fluctuations, and separated by spectral breaks.
Specifically, according to the Kolmogorov theory of turbulence
(Kolmogorov 1941), the inertial-range energy spectrum of a
turbulent fluid scales with the wavenumber k as k >/ 3, a feature
regarded as distinctive of fully developed turbulence. The so-
called Kolmogorov’s —5/3 scaling law can be easily retrieved
under the hypothesis of a constant energy transfer rate € in the

inertial range. Since the turnover time 7 for an eddy of size {can
be dimensionally obtained as 7~ ¢/v ~ 1/kv (with v being the
rms velocity fluctuation), while its energy density is ~v*, the
rate of energy flux e ~ v* /7 is therefore ~vk. It follows that the
energy spectral density E ~ v?/k scales as E ~ 3k /3. The
reader is referred to Frisch (1995) for a complete and
exhaustive description of hydrodynamic turbulence and its
properties, and to the recent review by Marino & Sorriso-Valvo
(2023) on the scaling laws for energy transfer in space plasma
turbulence.

Among the many natural frameworks in which the
Kolmogorov energy spectrum has been observed, the solar
wind holds a prominent place. The continuous stream of
magnetized particles emitted by the Sun (Hundhausen 1972) is
indeed known to be in a fully developed turbulent state since
the seminal work by Coleman (1968) and is rightfully
considered the largest turbulence laboratory (Bruno & Carbone
2013). Indeed, since the beginning of the space era, the solar
wind has been probed by a flotilla of robotic spacecraft that
have measured its properties over a wide range of spatial scales
(Verscharen et al. 2019), advancing the understanding of this
fundamental physical process (see, e.g., the review by Tu &
Marsch 1995, and references therein). Last to be launched in
2018 and 2020, respectively, were Parker Solar Probe (Fox
et al. 2016) and Solar Orbiter (Miiller et al. 2020). Central to
these space missions, which will get closer than ever before to
the Sun, carrying a full set of remote-sensing and in situ
instruments, is unveiling the origin of turbulence in the solar
wind and assessing whether and to what extent it contributes to
plasma heating (Telloni et al. 2023a).

Thanks to measurements by Parker Solar Probe, which
repeatedly flies inside the solar corona, it is now established
that solar wind turbulence originates in the outermost layers of
the Sun’s atmosphere (Zank et al. 2022; Zhao et al. 2022), and
it evolves during the expansion in the heliosphere toward a
fully developed state (Telloni et al. 2021). In particular, radio
scintillation observations (Lotova et al. 1985) supported by
magnetohydrodynamic (MHD) simulations (Chhiber et al.
2019), indicate enhanced turbulence at about 10-20 R
(1 R, =6.96 x 10° km) around the Alfvén surface (i.e., where
solar wind and Alfvén speeds are equal), which ideally marks
the transition from the magnetically dominated corona to the
dynamically dominated solar wind region (see also Réville &
Brun 2017). The turbulence enhancement at the Alfvén point
is, on the other hand, also predicted by simple considerations
by starting from the equation for Alfvén wave propagation and


http://astrothesaurus.org/uat/1964
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http://astrothesaurus.org/uat/1544
http://astrothesaurus.org/uat/1544
http://astrothesaurus.org/uat/1483
http://astrothesaurus.org/uat/1534

THE ASTROPHYSICAL JOURNAL LETTERS, 973:148 (9pp), 2024 October 1

solving it in the Wentzel-Kramers—Brillouin limit to get an
analytical expression for the conservation of wave action flux
(Velli 1993; Telloni et al. 2023a). However, models for the
mechanisms underlying the onset of turbulence in the corona
are still a matter of strong debate. They basically come in two
different paradigms. In one possible scenario, originally
introduced by Matthaeus et al. (1999), quasi-2D incompressible
turbulence is produced by the nonlinear interactions between
Alfvén wave fluxes, emanating from the photosphere by
convection-related jostling of open magnetic flux tubes, and
counterpropagating modes, reflected back toward the Sun by
coronal stratification (see also Verdini et al. 2009). As an
alternative turbulence model, in the nearly incompressible (NI)
MHD theory (Zank et al. 2017, 2018, 2020), quasi-2D
turbulent fluctuations are generated through reconnection
processes in the constantly emerging magnetic carpet (Title
& Schrijver 1998) and advected upward by the coronal flow. A
discussion of the two turbulence models along with the related
distinguishing features can be found in Zank et al. (2021).

With the exception of occasional local measurements by
Parker Solar Probe during its brief incursions into the corona
(Kasper et al. 2021), the Sun’s atmosphere in the region of the
nascent solar wind can only be probed remotely with
spectroscopic or imaging instruments, such as coronagraphs.
Space-borne imaging instruments provide primarily density-
related observations. However, within the NI MHD turbulence
theory, the density fluctuations can be considered as entropic
modes (i.e., structures passively transported by quasi-2D
incompressible turbulence), and thus be a proxy for the
turbulence associated with velocity field fluctuations. A trivial
demonstration that, under the assumption that density is a
passive scalar, its fluctuations can give rise to a Kolmogorov-like
turbulent spectrum stems from the Yaglom’s law (Frisch 1995),
which can be written as (AuAp®) = —4/3¢l, where Au and Ap
denote velocity and density fluctuations, respectively. If the
velocity fluctuations are assumed to follow the Kolmogorov
phenomenology, namely Au ~ 013, the Yaglom’s law predicts
that pr[l/ > as well, which corresponds to the Kolmogorov
scaling law. Zank et al. (2023) developed a novel method for
distinguishing between wave and advected modes and found that
entropic density fluctuations are typically dominant in the solar
wind plasma. More importantly, Zank et al. (2022) provided
evidence that the density fluctuations sampled by Parker Solar
Probe during its first passage inside the solar corona are not due
to magnetosonic modes, but most likely are entropic fluctuations,
and thus indicative of turbulence.

Most earlier studies of coronal density fluctuations have
focused on the detection of periodic or quasiperiodic wavelike
phenomena (e.g., Ofman et al. 2000; Morgan et al. 2004;
Telloni et al. 2013, 2014) or recurrent density transients
(Ventura et al. 2023) superimposed on the spectrum of
background fluctuations. Much less attention, however, has
been devoted to the latter. A few attempts have been made in
Telloni et al. (2009a, 2009b) exploiting data gathered with the
UltraViolet Coronagraph Spectrometer (Kohl et al. 1995)
aboard the Solar and Heliospheric Observatory (Domingo et al.
1995), but the results were affected by significant background
noise at timescales of less than 3 hr (which suggested only
large-scale scaling laws probably associated with nonpropagat-
ing tangential discontinuities observed during solar rotation)
and restricted by the limited field of view of the
instrument. The high spatial and temporal resolution
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measurements of coronal white-light emission by the Metis
coronagraph (Fineschi et al. 2020; Antonucci et al. 2020b)
aboard Solar Orbiter, combined with its unprecedentedly high
signal-to-noise ratio, provide the opportunity to explore the
properties of density spectra in the whole solar corona. This
Letter reports the output of a statistical analysis of such
measurements to address temporal fluctuations only and to
ascertain for the first time the presence of fully developed
turbulence in coronal flows. The analysis and results are
presented in Section 2, while final remarks on how the present
findings can be regarded as a critical discriminant in the two
competing turbulence models for solar coronal heating are
outlined in Section 3.

2. Analysis and Results

On 2022 October 12, Solar Orbiter was at its fifth perihelion,
orbiting at only 0.29 au from the Sun. From 10:15 to 20:16 UT,
Metis observed continuously the solar corona in visible light (VL)
between 580 and 640 nm. This resulted in a 10 hr database of 298
coronal brightness (B) images at 2 minute cadence. During these
observations, the instrument field of view (FOV) ranged from
1.75 to 3.15 R.. The average of the images collected by Metis,
cleared of corrupted ones (4% in total, which were removed from
the time series, then interpolated) and calibrated in units of mean
solar disk brightness B, according to Liberatore et al. (2023) and
De Leo et al. (2023), is illustrated in Figure 1(a). Note that Metis
images are oriented in such a way as to have the rotation axis
aligned with the vertical. Just for visualization purposes, in order
to sharpen the boundaries separating different large-scale magnetic
structures, the difference of Gaussians (DoG) filter, a commonly
used algorithm for edge enhancement (see, e.g., Morgan &
Druckmiiller 2014), is applied to Figure 1(a). The result is shown
in Figure 1(b). The spectral analysis is performed on original
unfiltered data, i.e., on total brightness measurements from Metis
not previously reprocessed by means of the DoG filter so as not to
remove coronal background that may contain important signal
information.

Before dwelling into the analysis of the database, some
issues about the nature of the Metis data and the characteristic
solar spatial scales involved in the observations need to be
considered.

1. The coronal brightness imaged by Metis is a proxy for
plasma density. It is in fact approximately defined, apart
from geometrical factors, as the integral of the electron
density along the line of sight (LOS; see, e.g., van de
Hulst 1950). The measurements are integrated along the
LOS so that smoothing of sharp gradients is in principle
possible. However, it is understood that most of the
white-light emission from the diffuse corona comes from
the observed plane of the sky (POS; the generic plane
orthogonal to the line of sight that corresponds to the
plane onto which the image observed by a remote-sensing
instrument is projected), especially for small radial
distances (see, e.g., Howard & DeForest 2012, and
following papers). As already highlighted in the literature
by, e.g., Bemporad et al. (2008), Telloni et al. (2009a,
2013), and DeForest et al. (2018), integration along the
LOS in the optically thin corona does not affect the
spectral analysis of coronal fluctuations (and, in
particular, the scaling of the observed power spectrum)
as long as timescales of tens of minutes or longer are
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considered. Therefore, fluctuations in the Metis time
series can be considered as closely related to density
fluctuations on the POS.

. Metis provides a spatiotemporal sampling of the solar
corona. Therefore, to determine the appropriate analysis,
the nature of the measurements needs to be precisely
established. In the maps collected by Metis, each pixel
contains the local density at a given position in the corona
as a function of time. The size of each pixel is
approximately 6.2 x 107 R, (~4300 km) on the POS.
On the other hand, two successive measurements are
separated by a cadence time of 2 minutes. Considering a
typical coronal plasma outflow of V>50 km s ' (a
sound assumption in the range of heights and latitudes
considered here; see, e.g., Antonucci et al. 2005; Telloni
et al. 2007; Antonucci et al. 2020a; Telloni et al. 2023b,
except for any closed magnetic field regions), this
corresponds to spatial scales larger than about 6000 km
on the POS. Hence, two successive measurements in the
same pixel do not pertain to the same plasma (a plasma
parcel measured at one location traveled to at least nearly
two pixels during one sample). Therefore, the time series
at a given Metis image point provides radial flow
measurements equivalent to those from an in situ probe
standing at that position in the corona, with no overlap
with the dynamical evolution of a given plasma element.
. Classical turbulence theories are built on spatial
fluctuations of the fields (e.g., Kolmogorov 1941; Frisch
1995). When using local fields measurements from in situ
instruments onboard spacecraft, it is customary to invoke
the Taylor hypothesis to convert time series to spatial
profiles via the mean flow across the probe (Taylor 1938).
At MHD scales, this requires that the bulk flow is fast
enough to consider the fluctuations as frozen (or slowly
evolving with respect to the relevant dynamical timescales of

(b)

Y [Ry]
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Figure 1. (a) Average of the 298 coronal brightness images acquired by Metis between 10:15 and 20:16 UT on 2022 October 12. (b) Same as (a), but with the DoG
filter applied to sharpen the boundaries between different coronal magnetic structures.

the system) during the measurement, at least in a statistical
sense. Velocity measurements are not sufficiently resolved as
to measure with precision the bulk speed (Vp) and the
fluctuations (6V), so that a standard validation of the Taylor
hypothesis (6V/Vy < 1) cannot be performed. Therefore, it
cannot be excluded that, at each pixel, the plasma flow
dynamically evolves during the whole measurement interval.
For this reason, the present analysis will be presented in the
time domain, and interpretation in terms of turbulence models
should be undertaken with caution. Hence, even if, according
to Zank et al. (2022), the analysis performed here seems to be
adequate for studying the properties of turbulence in the
coronal regions imaged by Metis, the results can be
interpreted in terms of turbulence theories only qualitatively.

. The effects of solar rotation on Metis measurements are

more important at low latitudes, while becoming
negligible toward the poles. Specifically, during the time
of one sample, the solar source of the plasma seen by
Metis will be rotating by approximately 020093 at the
equator (the Sun’s rotation is seen as effectively slowed
down by Metis because of the high longitudinal velocity
of Solar Orbiter at perihelion). This corresponds to spatial
structures of approximately 113 km at the equator on the
photosphere. A 30 minute Metis time series will thus
correspond to a longitudinal scan of 0°14 or 1700 km on
the photosphere at the equator, and the full observation of
10 hr to 2°8 or 34,000 km (=0.049 R.). Typical
photospheric structures include granulation, mesogranu-
lation,** and supergranulation. These have typical scales

42 Although mesogranulation is not universally recognized as an effective
convective scale on the Sun, but rather the result of a “cooperative interaction”
between small scales and photospheric fluxes (see, e.g., Rincon & Rieutord
2018), its reference in the text is useful only for the purpose of identifying the
(meso)scales involved in Metis observations.
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of 1000, 5000-10,000, and 30,000 km, and average
lifetimes of 0.2, 3, and 20 hr, respectively (e.g., Rast
2003, and references therein). Hence, the full Metis
database can scan up to approximately one supergranule,
while each snapshot scans ~1/10 of a granule. A 1 hr
interval (or timescale) would finally correspond to 3—4
granules, or slightly less than one mesogranule. It follows
that in the range of timescales between 1 and 10 hr, Metis
is in principle sensitive to density fluctuations induced by
mesogranulation dynamics.

5. As evidenced by an analysis on uncalibrated Metis
images, the physical signal-related fluctuations were
found to be significantly larger, at all the frequencies
involved, than those associated with the instrument’s
electronic noise (appearing as a gridlike pattern in
Figure 1(b)), thus effectively ruling out the possibility
that read-out noise could affect the spectra of brightness
fluctuations (and, in turn, their scaling). More specifi-
cally, the spectral responses of the coronal signal and the
signal within the occulted region of the solar disk (clearly
due solely to the instrument electronics) were compared.
It was found that the Metis instrumental noise becomes
significant only on timescales smaller than 10 minutes.
Since the scales involved in the analysis range from 1 to
10 hr, and are thus 1 order of magnitude larger, it follows
that the results are not affected by instrumental noise. It is
further worth noting that the Poissonian-type uncertain-
ties associated with 2 minute measurements of total
brightness from Metis are less than 10%. Therefore, the
relative error associated with hourly averages, and thus
with the timescales considered in this work, is reduced to
below 2%.

6. A final note concerns the possibility of transient events in
the database. For example, at least one (faint) coronal
mass ejection (CME) occurred during the analyzed
period. However, sporadic events are not expected to
affect the scaling of the power spectrum of interest in this
work. This has been proven by showing that the results of
the analysis presented below do not change when
excluding the portion of the POS interested by the
CME (not shown). On the other hand, periodic events
such as those investigated by Ventura et al. (2023) should
appear as frequency peaks superposed on the background
fluctuation spectrum, though not altering its slope.

It turns out that, albeit indirectly and with some layers of
approximation, the spectral analysis of Metis coronal bright-
ness measurements is appropriate to investigate the turbulent
state of the solar corona driven by mesogranular-scale
photospheric dynamics.

Several techniques can be used to extract information about
the statistical properties of the density fluctuations. Based on
the above discussion, each pixel provides a 298-point time
series that can be analyzed using standard diagnostics to
provide the temporal characteristics of the measurements. The
scales of interest for this work, sitting above 1 hr and up to the
10 hr observation duration, do not include the time variability
of the plasma in each pixel, but rather spatial fluctuations
related to density structures transported by the coronal flow.
The first analysis performed is the frequency spectrum E(f),
obtained through a standard Fourier transform, of the time
series for each pixel. If a power-law scaling is present, as is
often the case in turbulent or noisy data, the spectral index o
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can be estimated as E(f) ocf”. An equivalent measure of the
same scaling exponent can be obtained through the second-
order structure function, S)(Atr) = (Ap?) o At%, where
Ap = p(t+ Af) — p(t) are the scale-dependent density incre-
ments across the timescale Ar. A relation between the two
exponents exists, &« = — ((; + 1). The spectral index and the
second-order structure function exponents are both related to
the global self-similarity properties of the field, which in the
Kolmogorov phenomenological theory of turbulence determine
the scaling of the statistical properties of the fluctuations.

Maps of the values of the structure functions at timescales of
1,2, 4, and 8 hr are displayed in Figures 2(a)—(d), respectively.
A map of the exponent a« = — ((; + 1) as measured using S,
and relative to the 1 hr < Ar < 10 hr spectral range is instead
presented in Figure 3(a).

The evident inhomogeneity and strong local variability of
such maps reveal the complex nature of the coronal density
fluctuations. Specifically, Figure 2 visibly shows the appear-
ance of filamentary, nearly radial structures, which highlight
the typical shape of the stronger coronal magnetic field lines. In
particular, the density fluctuations are enhanced along the field
lines, with their amplitude increasing with Az, thus identifying
a coupling between fluctuating density structures and coronal
magnetic field patterns. This result is well known in the
literature and discussed extensively in, e.g., Telloni et al.
(2013) and DeForest et al. (2018). The spectral exponents
(Figure 3(a)) are steeper (and relatively constant) along such
structures, where typically o < —2 (this is particularly
prominent at the edge marking the boundary between the
streamer-shaped magnetic structure and the open magnetic field
region at the southeastern solar limb). This suggests that the
stronger coronal magnetic field might be inhibiting the
turbulent nonlinear interactions, maintaining the large fluctua-
tions closer to random. However, as noted in point 3 in
Section 2, the possible role of entangled spatial structure and
dynamical evolution cannot be excluded.

It is also worth noting that the spatial distribution of « is
unrelated to the large-scale configuration of the corona
(Figure 1(a)). Indeed, neither streamers nor open-field regions
associated with coronal holes are evident in the spectral index
map in Figure 3(a). Specifically, o values close to —1
(suggestive of noise) are not systematically observed in low-
density regions, where the coronal signal is weaker. On the
other hand, « values close to or lower than —2 are not only
observed in low-latitude high-density regions, where they
could be interpreted as due to discontinuities crossing the single
pixel during solar rotation. Instead, they are also found, for
example, in the low-density northern polar coronal hole, where
the effect of solar rotation is negligible. This indicates that (i)
the rotation does not affect the results and (ii) the less dense
regions are not affected by the Metis instrumental noise (as
discussed above, this involves timescales 1 order of magnitude
smaller than those under study).

The full corona image time series can be considered as an
ensemble of a turbulent system. The high latitudinal variability
of the scaling exponents, which can be interpreted, in principle,
as due to the local inhomogeneity of the coronal flow source
regions, is an indication that the corona is, overall, a
multifractal structure (i.e., the corona is characterized by
physical processes governed by multiple scaling laws). At the
closest distance from the Sun, each pixel covers a 0°2
latitudinal span, which corresponds to ~2500 km on the solar
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(b) S,(At=2 h) of Metis VL images
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(d) S,(At=8 h) of Metis VL images
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Figure 2. Second-order structure functions S, at the lag At of 1 hr (a), 2 hr (b), 4 hr (c), and 8 hr (d), computed from the series of Metis VL images in the whole FOV

of the detector.

photosphere, namely the size of a couple of granules. At a fixed
distance r from the Sun, a circular profile extracted from the
exponent map will thus provide the latitudinal variability of the
density fluctuations’ statistical properties. Figure 3(b) shows
the spectral index values estimated along a circular profile for
four different radial distances r from the Sun (1.8, 2.2, 2.6, and
3.0 R., marked by different-colored dashed circles in
Figure 3(a)) and collected in histograms, with mean and
standard deviation reported in the legend. The « distributions
are roughly Gaussian (though slightly negatively skewed) at all
distances from the Sun. However, the normalized rms deviation

(i.e., the ratio of the standard deviation to the mean) increases
moving away from the Sun (from 0.11 at 1.8 R to 0.19 at
3.0 R,), that is, the distributions are broader far from the Sun,
indicating a more inhomogeneous plasma there. It appears then
evident that the mean spectral index decreases from 2.32 to
1.64>~5/3 over the altitude range covered by the Metis
observations. This seems to indicate a transition from relatively
smooth to more disordered fluctuations, with the exponents at
larger distances reaching values compatible with a Kolmogorov
picture of turbulence. The radial evolution of the density
fluctuations (whose average variance at the largest scale



THE ASTROPHYSICAL JOURNAL LETTERS, 973:148 (9pp), 2024 October 1

Telloni et al.

(a) Spectral scaling a of S,(1 h=At=<10 h (b) : :
P 9 2 ) Histogram of a index values
ilII|Ill[lllII|IIIIHIII|IIIIIIllllIIIIIIIIIIIIIIIIII]]HIIIIIII'IIH_- 1000_| rrr [ 1t rr [ rrrr[rrrr[rrr 1 rrr1r]
3 - i — e e s ]
= E 800 I~ e -181+0.28 3
= = > T @=—1.64+0.32 ]
5 B = 2 600 —
= E [} - 1
= 3 S L ]
E = o - .
= = L 400 — —
= = fr - ]
1= r—] L ]
= 3 200 - =]
2 oF = 3 Lty | I 1
E O b Tt 0 L et 1| 11 11 L1 1 1
S F = 20.5 -1.0 -1.5 2.0 25 3.0 35
E = a
B E (c)
Sy = = S, average
== = -15
= 3 10 LI L
2 = —Z.=—-0.79+0.02
E E & inne ~¥=-0.630.02
- = o]
E r=2.6 R, E a
3 Er=3.0 R, = & x7169
Fro bl bl b b A NI
3 2 4 0 1 2 3 10
X [R,]
10-18 ) I O O T T | 1 I]]lll 11 1 Illlll 11 ) |
30 25 20 "L5 14 10.00 1.00 0.10 0.01
Timescale [h]
Figure 3. (a) Map of the spectral index a = — ({, + 1) derived from the second-order structure functions S, in the scale range from Ar=1 to Ar= 10 hr. (b)

Distributions of the ensembles of « values extracted from the polar profiles at 1.8, 2.2, 2.6, and 3.0 R, indicated with color-coded, dashed circles in (a); the mean and
standard deviation of each distribution are also reported. (c) Averages of the second-order structure functions S, obtained along the same circular profiles and
displayed in the same color scheme (the curves are downscaled, according to the indicated values, to retain the same value at the largest timescale of 10 hr for easy
comparison of the corresponding scaling laws); the exponents —(, computed from power-law fitting in the 1 hr <A¢ < 10 hr range (along with the corresponding

uncertainties) are also shown.

decreases from 8.7 x 10" (B/B@)2 at 1.8 R, to 4.3 x 1072
(B/B@)2 at 3.0 R.) seems, therefore, to show a transition to
fully developed turbulence, which, on average, appears to be
set at a distance of 3 R, from the Sun. This is the height at which,
according to the potential field source surface models (Altschuler
& Newkirk 1969; Schatten et al. 1969), the plasma dynamics
would begin to dominate over the magnetic field. This evidence is
corroborated by the structure functions averaged over the same
polar profiles (shown in Figure 3(c) and downscaled to the value
corresponding to Ar=10hr for easier comparison) and by
deriving the scaling exponents over the scale range of interest.
Note that the two procedures lead to slightly different values for
the spectral indices (averaging the scaling exponents derived from
different spectra is not the same as deriving the scaling exponent
from an average spectrum). Nonetheless, it can be seen that the
second-order structure functions become less steep at larger
distances from the Sun, approaching the Kolmogorov reference at
3 R, thus suggesting the onset of fully developed turbulence in
the solar corona at around such height. The flattening of spectra
for timescales of less than a dozen minutes provides evidence that
the Metis instrumental noise affects only this range of small
scales. Also interesting (though beyond the scope of the present
work) is noting the slight spectral break at about 0.2-0.3 hr.
Although this might be due to the Metis background noise
flattening the spectrum or to the failure of the Taylor hypothesis,
evidence of this occurring at the timescale characteristic of
granulation suggests further analysis.

3. Conclusions

The results illustrated in this Letter provide important
elements to understand the origin, evolution, and transport of

solar wind turbulence, and ultimately the coronal heating, in the
framework of state-of-the-art MHD turbulence models. The
Kolmogorov phenomenological predictions have been pre-
viously observed in the density field of both the interplanetary
(using in situ measurements; e.g., Telloni et al. 2009b) and
interstellar (using remote-sensing radio scintillation observa-
tions; Armstrong et al. 1981) medium. Turbulent features
above the solar corona, in the very inner heliosphere, have also
been reported in DeForest et al. (2016). The present analysis
complements these observations with the case of the near-Sun
plasma and suggests the coronal origin of solar wind
turbulence.

The lack of sufficiently resolved velocity fluctuations
prevents a full evaluation of the conditions for the validity of
the Taylor hypothesis. Therefore, the analysis presented here
should be considered as an assessment of the sole time-domain
turbulence properties. Nevertheless, when ensemble-averaging
over latitude, a power-law scaling is observed for the time-
based second-order structure functions, at timescales between 1
and 10 hr. The equivalent spectral exponents increase from
—2.32 to —1.64 when moving radially from 1.8 to 3 R,
regardless of the portion of the observed solar corona (low- or
high-density regions). As discussed above, this is not due to
either methodological or instrumental noise issues. The —5/3
exponent found at the outermost height is compatible with
typical Kolmogorov phenomenology in space plasmas and
suggests that the plasma density might be experiencing a
transition to fully developed turbulence in the observed range.
A similar transition is observed, for example, in the terrestrial
magnetosheath downstream of the bow shock (Yordanova et al.
2008). Spacecraft measurements show that the shock crossing
initially destroys the solar-wind preexisting turbulence,
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producing fluctuations with steep (o~ —2.5) spectra and self-
similar statistics, which then evolve to the standard
Kolmogorov value and develop intermittency (see Sahraoui
et al. 2020, and references therein). A 5/3 spectral scaling in
the density fluctuations was also found by analyzing the Parker
Solar Probe plasma data during the spacecraft’s incursions into
the solar corona. Therefore, the present results are in agreement
with in situ measurements. Note however that, unlike in the
present case, in the mentioned systems the Taylor hypothesis is
usually verified.

Assuming that the temporal analysis provides a reasonable
representation of the spatial properties of turbulence (see Zank
et al. 2022), it is possible to compare the observations
presented here with models of MHD turbulence. The predicted
density spectra E,(k;, kj) (with k;, and k; being the
wavenumber perpendicular and parallel to the mean magnetic
field, respectively) have been discussed quite extensively in
Zank et al. (2017, 2022). The density fluctuation spectral
density is shown to depend on the value of the 2D residual
energy.”’ If it is either balanced kinetic and magnetic 2D
energy or all kinetic energy, then E,(k ) kjs/ 3, assuming
isotropy and provided that the underlying 2D turbulence is
Kolmogorov-like (see, in particular, Equation (55) in Zank
et al. 2017, and the related discussion). A direct link with the
Elsdsser 2D kIS/ 3 spectrum can thus be recovered in this case.
It follows that, as mentioned above, the density fluctuations can
be regarded as transported coronal structures, which further-
more do not affect the turbulent scaling laws for Elsdsser fields.
The Kolmogorov spectrum for density fluctuations at 3 R, thus
reflects the underlying quasi-2D incompressible turbulence and
predicts that this is likely balanced at such a distance from the
Sun. This suggests either that the density, magnetic, and
velocity fluctuations evolve from 1 to 3 R into a fully
turbulent state or, alternatively, that the residual energy changes
with distance as well. As a corollary, this method should be
more sensitive to Alfvénic (slab) than to 2D fluctuations.
However, spatial information (comparison across pixels) could
clearly identify 2D density fluctuations.

A mode-decomposition analysis (based on the diagnostics
advanced by Zank et al. 2023, and which is the subject of a
work currently ongoing) of the first time interval when Parker
Solar Probe was immersed in the solar corona, suggests that the
entropy (density) fluctuations are the dominant component and
follow a k—>/3 spectrum, in agreement with the present study.

Further investigations are needed for disentangling the role
of photospheric spatial dynamics from the temporal variability
of the coronal flow source regions, as well as the effects of
solar rotation in a nonstationary and highly inhomogeneous
environment such as the Sun’s atmosphere, in order to
understand coronal turbulence in greater detail. Analyses such
as the spatial 2D spectrum for a given time instant 7, k — w
spectra, kurtosis (largely used to study intermittency, a
characteristic feature of turbulence; see Frisch 1995), and
proper orthogonal decomposition (Vecchio et al. 2005) are all
useful diagnostic tools in coming to a better description of
coronal density fluctuations in the context of current turbulence
theories. Some of these studies are in progress and will be
addressed in forthcoming papers.

43 Residual energy quantifies the imbalance between magnetic and kinetic
energy.
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