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The solar atmosphere is replete with magnetohydrodynamic wave activity, with
magnetic structures such as sunspots and pores able to channel wave energy flux
efficiently into the outer atmosphere. Steep density and temperature gradients
at the base of the photosphere and top of the chromosphere provide ideal
conditions for magnetoacoustic resonance cavities, enabling amplification of
~5 mHz oscillatory power in sunspot atmospheres. Unfortunately, observational
diagnosis of resonance cavities has largely been limited to spectral lines such as
Ca, H/K and He, 10,830 A, with no evidence yet from other chromospheric layers
such as the Na,D;/D, doublet. In this study we utilize the newly commissioned
integral field unit, FRANCIS, to examine oscillatory characteristics spanning
the formation heights of the Na,D,/D, spectral lines and determine whether
propagating and/or standing wave modes are present within a sunspot umbra.
The RHL1.5D radiative transfer code was used to estimate formation heights
across three spectral windows corresponding to the NaD; line wing (line
core =300 mA; =355 km), the NaD, line core (=750 km), and the NaD,
line core (=850 km). Wavelet cross-correlation of line-core and line-bisector
Doppler velocities enabled phase spectra to be generated as a function
of atmospheric height, allowing the dominant ~5.5 mHz oscillations to be
classified as either propagating or standing-like. At the umbra—penumbra
boundary we find propagating modes with energy fluxes of ~1.3x10* W
m™ in the upper photosphere, decreasing to ~3.1x10°> W m™ in the lower
chromosphere, indicating a damping length of L, =363 km, comparable to
the local density scale height. In contrast, near-zero velocity phase differences
dominate regions of enhanced chromospheric power at the umbral center,
providing observational evidence consistent with standing-wave behaviour
and resonance-cavity dynamics in the lower chromosphere. These results
demonstrate the suitability of solar integral field units for spatially mapping
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sunspot wave properties, with the Na,D,/D, lines providing a novel vantage point
for resonance cavity and energy flux diagnostics in the lower solar atmosphere.

KEYWORDS

magnetohydrodynamics (MHD), solar chromosphere, solar instruments, solar magnetic

fields, solar oscillations, solar photosphere, sunspots

1 Introduction

Since as early as the 1960s, oscillatory phenomena have
been observed in the solar atmosphere (Leighton, 1960), with
the study of Doppler velocity and intensity time series from
spectral lines spanning the bulk of the electromagnetic spectrum
confirming the ubiquity of these oscillations throughout the
lower solar atmosphere (Ulrich, 1970; Deubner, 1975; Roberts
and Webb, 1978; Spruit, 1982; Toutain and Froehlich, 1992;
Bogdan et al., 2003; Jess et al., 2012b; 2015; 2023b). The photosphere
displays global pressure modes (p-modes), which are omnipresent
waves that exist between frequencies of 1-5 mHz and are
effectively acoustic in nature in the absence of magnetic fields
(Leighton et al., 1962; Cram, 1978; Ruiz Cobo et al., 1997). However,
p-mode oscillations are also able to be effectively guided in the
presence of magnetic field configurations in the solar atmosphere,
e.g., magnetic bright points (Berger et al., 1995; Jess et al., 2009;
Utz et al., 2010; Jafarzadeh et al., 2013; 2017; Berberyan et al., 2024;
Stangalini et al., 2025), solar pores (Morton et al, 2011;
Keys et al., 2018; Gilchrist-Millar et al., 2021; Grant et al., 2022;
Jafarzadeh et al., 2024; Schiavo et al., 2024; Berretti et al., 2026), and
sunspots (Horn et al., 1997; Bloomfield et al., 2007; Jess et al., 2007;
Stangalini et al., 2021; Chai et al., 2022; MacBride et al., 2022;
Rawat and Gupta, 2023). Here, the embedded oscillations
take on properties associated with magnetohydrodynamic
(MHD) waves, with compressive modes essentially becoming
magnetoacoustic (Edwin and Roberts, 1983).

Within magnetic structures with longer lifetimes, such as
sunspots and pores, frequencies of ~3 mHz are observed to
dominate at photospheric heights (Ulrich, 1970), while within the
chromosphere the dominant frequency shifts to ~5 mHz (Fleck and
Schmitz, 1991; Centeno et al., 2006; Felipe et al., 2010; Felipe and
Sangeetha, 2020). Of course, this behavior is not strictly universal,
since previous studies have uncovered dominant frequencies
of ~5mHz at photospheric heights (Stangalini et al., 2022;
Berretti et al., 2025), highlighting dependencies on both the
oscillatory driver and the atmospheric structures acting as a
wave conduit. The transition in dominant periodicity from
~5min (~3 mHz) to ~3 min (~5 mHz) between the photosphere
and chromosphere is often attributed to the manifestation
of an acoustic cutoff frequency at ~53 mHz (Deubner and
Gough, 1984; Duvall et al, 1991; Fleck and Schmitz, 1991;
Fossat et al., 1992; Vorontsov et al., 1998). For waves that propagate
between the photosphere and chromosphere, energy fluxes of the
oscillations at different atmospheric heights have been studied
and linked to effective damping lengths. For example, Gilchrist-
Millar et al. (2021) and Krishna Prasad et al. (2017) examined waves
in solar pores and a sunspot, respectively, and found energy fluxes
of 10>~ 10> W m™ in the lower solar atmosphere, with damping
lengths on the order of ~270 km, which is of a similar size to the
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density scale height in the photosphere and showcases the rapid
damping experienced by these propagating MHD waves.

However, in recent years, evidence continues to grow in
support of a resonance cavity being a viable alternative mechanism
to help amplify frequencies on the order of 5mHz within
the chromosphere (Jess et al., 2020; 2021b; Felipe et al., 2020;
Sych et al., 2024; Sych and Yan, 2025). Here, structures that
demonstrate steep temperature/density gradients at both the base
of the photosphere and the top of the chromosphere provide strong
reflective boundaries that amplify specific frequencies trapped
within the resonance cavity (Hollweg, 1979; Botha et al., 2011;
Snow et al,, 2015). As a resonance cavity creates trapped, i..,
standing oscillations, phase analyses of the induced oscillation
patterns between neighboring atmospheric heights are able to
ascertain whether the detected oscillations are truly standing
(Rosenthal et al., 2002; Dorotovi¢ et al., 2014; Felipe et al., 2021;
2025; Grant et al., 2022), hence providing additional evidence of the
existence of resonance cavities in the lower solar atmosphere.

Towards the boundary of sunspot umbrae, the magnetic field
lines begin to become more heavily inclined into the penumbral
regions, reaching values of ~90° (i.e., parallel to the solar surface)
within the chromospheric layers due to the rapid expansion
and curvature of the field lines (Lohner-Bottcher et al.,, 2016;
Grant et al., 2018). Within such regions with non-vertical magnetic
field lines, the acoustic cutoft frequency becomes modulated by the
effective gravity (McIntosh and Jefferies, 2006; Reznikova et al., 2012;
Reznikova and Shibasaki, 2012; Morton et al, 2021), hence
progressively enabling lower frequencies to propagate more
effectively with increasing field inclinations (Jess et al., 2013; Lohner-
Bottcher et al., 2016). This enables additional wave phenomena, such
as running penumbral waves (RPWs; Giovanelli, 1972), to become
visible in chromospheric intensity and Doppler time series (Zirin
and Stein, 1972; Brisken and Zirin, 1997; Kobanov, 2000; Kobanov
and Makarchik, 2004).

Traditionally, chromospheric diagnostics are often derived from
hydrogen (e.g., Ha and HJf), magnesium (e.g., Mg;h/k and Mg,
b,) and ionized calcium (e.g., CayH/K and Cap8542 A) spectral
observations. However, two additional spectral lines of interest are
the Na;D,; (589.592 nm) and Na;D, (588.995 nm) Fraunhofer lines
that form in the solar spectrum as a sodium doublet. The Na;D,
and Na;D, absorption lines originate from the 3S,,, — 3P/, and
3S,/, = 3P;, electronic transitions, respectively (Bruls et al., 1992).
The difference in J-level transition leads to divergence in how
their characteristics are affected by polarization, i.e., only the
Na;D, transition has J>1 (Bommier, 2016). These differences
also extend to the formation heights associated with the two
spectral lines. Initial estimations of the Na;D, and Na;D, formation
heights proved challenging, with early observational estimates
suggesting formation heights between 1300 — 1700 km (Aimanova
and Gulyaev, 1976). More recent estimations using the radiative

frontiersin.org


https://doi.org/10.3389/fspas.2026.1826789
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Chambers et al.

modeling of response functions suggest formation heights slightly
below 1,000 km, ranging from 300 km to 850 km (Eibe et al., 2001;
Finsterle et al., 2004; Leenaarts et al., 2010). Nevertheless, formation
heights synonymous with the upper photosphere and lower
chromosphere open up new diagnostic potential when examining
the coupling of oscillatory behavior in the lower solar atmosphere.

Various studies in the 1980s utilized the Na;D,/D, lines to
demonstrate the presence of wave motions in the vicinity of sunspots
by investigating intensity and Doppler velocity perturbations
(Kneer et al, 1981). Variations in the phase angles between
the Na;D,/D, signals with frequency were taken as evidence
of upward wave propagation through the sunspot atmosphere
(von Uexkuell et al., 1983), with Marco and Mattig (1990) noting
distinct differences between the wave signatures in umbral and
penumbral environments. The 3-min oscillations typically found at
chromospheric heights in sunspot atmospheres were also confirmed
to exist within the sodium doublet (Mattig and Zerfass, 1991). Since
then, the Na;D, /D, spectral lines have been relatively underutilized
in the analyses of sunspot oscillations, although numerous studies
have exploited these lines to examine other dynamic features, such
as resonant scattering in magnetic bright points (Moretti et al., 2002;
Jess et al., 2010a) and the pressure balance and flow gradients
present during solar flares (Kuridze et al., 2016). Importantly, these
studies note the need for longer duration observations with new
instrumentation that provides higher temporal, spatial, and spectral
resolutions in order to unequivocally investigate the dynamic
spectral line shapes associated with the Na;D,/D, doublet in the
lower solar atmosphere.

With the need for not only high-resolution spatial imaging,
but also spectral and polarimetric capabilities too, various
instrumentation solutions have been proposed and employed,
including those on ground-based telescopes such as the Swedish
Solar Telescope (SST; Scharmer et al., 2003; Scharmer, 2017),
the Dunn Solar Telescope (DST; Dunn, 1969) and the GREGOR
solar telescope (Schmidt et al., 2012), as well as onboard balloon
facilities such as SUNRISE (Solanki et al., 2010) and space-borne
missions such as Solar Orbiter (Miiller et al., 2020). More long-
established spectropolarimeter solutions have included Fabry-
Pérot interferometers (Cavallini, 2006; Scharmer et al., 2008;
Bailén et al., 2023) and scanning slit-based spectrographs
(Jaeggli et al., 2008; de Wijn et al., 2012). While these instruments
successfully allow the observer to capture both the spatial and
spectral domains, they are unable to do so simultaneously, creating
challenges when studying features with evolutionary time frames
shorter than typical scanning or raster periods. However, more
recent developments in solar instrumentation, reviewed by Iglesias
and Feller (2019), have led to the implementation of integral
field solutions, which solve the simultaneity issue by placing all
three dimensions ([x,y,1]) onto a single two-dimensional imaging
detector, albeit with a necessary reduction in the observable field
of view. Options for integral field units (IFUs) include microlens
arrays, image slicers, and fibre-bundle reformatting. While the
adoption of IFUs by the solar physics community is relatively recent,
several are now operational at major solar telescopes, including the
Diffraction-Limited Near-Infrared Spectropolarimeter (DL-NIRSP;
Jaeggli et al., 2022) at the Daniel K. Inouye Solar Telescope (DKIST;
Rimmele et al., 2020), the GREGOR Infrared Spectrograph (GRIS;
Dominguez-Tagle et al., 2022) at the GREGOR Solar Telescope, the
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Microlensed Hyperspectral Imager (MiHI; van Noort et al., 2022),
and the Fibre Resolved OpticAl and Near-Ultraviolet Czerny-
Turner Imaging Spectropolarimeter (FRANCIS; Jess et al., 2023a)
at the DST.

In this paper, we utilize cutting-edge integral field spectroscopy
of a sunspot captured by the FRANCIS instrument within the
580.758 — 597.250 nm wavelength range to investigate the oscillation
characteristics embedded within, and between, the Na;D; and Na;D,
line pair. In particular, we will investigate the oscillatory phase
relationships between line-core and bisector Doppler velocities to
determine whether the waves are standing or propagating within the
sunspot atmosphere, which will enable us to shed light on whether
Na;D,/D, doublet spectroscopy offers observers a unique vantage
point when establishing the presence of resonance cavities in the
lower solar atmosphere.

2 Observations

The primary observations utilized in this study were captured
using a series of instruments at the DST in the Sacramento Peak
Mountains, New Mexico, United States in late August 2022. The
main science instrument used was the FRANCIS IFU, with context
images provided by the Rapid Oscillations in the Solar Atmosphere
(ROSA; Jess et al., 2010b) and Hydrogen-alpha Rapid Dynamics
camera (HARDcam; Jess et al., 2012a) imaging systems. This is
the same dataset used for science verification of the FRANCIS
instrument (Jess et al., 2023a), with FRANCIS observations
spanning the 580.758 —597.250 nm wavelength range, with a
spectral sampling of AA =0.008 nm, and were captured between
18:03-18:39 UT on 2022 August 29. Active region NOAA AR 13089,
located at heliocentric coordinates (—86", —491"), or S23.9E5.7 in
Stonyhurst heliographic coordinates, was observed under excellent
seeing conditions, with high-order adaptive optics (Rimmele, 2004)
further improving the resulting image quality.

Over the course of the observations, a series of 50,000 St I
spectral images, with a frame rate of 23 s7!, were obtained. The
20 % 20 two-dimensional fiber bundle of the FRANCIS instrument
covered an approximate 30x 30 arcsec® field-of-view, resulting
in =1”5 across the diameter of each fiber, providing the best
compromise between spatial sampling and overall field-of-view
coverage that enabled a large portion of NOAA AR 13089 to
be captured. The FRANCIS spectral images were reduced and
reformatted back into four-dimensional cubes ([x, y,1,t]) following
the methods described in Jess et al. (2023a), with spectral intensities
normalized by the continuum level, I.. However, an additional
correction to the imaged spectral curvature was performed
using an established ‘smile detection’ algorithm provided by the
Spectroflat package (Holken et al., 2024). Finally, as this study is
primarily interested in oscillations within the frequency range of
~1-100 mHz (i.e., far exceeding the upper range of the typical p-
mode spectrum), spectra were temporally binned (47 — 1) to further
improve the signal-to-noise, resulting in a new cadence of 1.98s,
corresponding to a Nyquist frequency of approximately 250 mHz.

Following the initial wavelength calibration procedure outlined
in Jess et al. (2023a), we applied an additional calibration step before
removing the instrumental asymmetric broadening described in
Section 3.3. Here, a time-averaged spectrum was constructed
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from the full observational sequence, and the minima of ~15
absorption features distributed across the observed spectral range
were identified. The corresponding features were located in the
FTS solar atlas (Brault, 1978), and a revised wavelength grid was
derived by mapping the observed line minima onto their atlas
counterparts, such that the time-averaged spectrum and the FTS
atlas are brought into agreement across the full spectral range. Since
this procedure is applied to the temporally averaged profile, in which
any residual Doppler shifts average to near zero over the duration of
the observations, the resulting wavelength solution is representative
of the rest wavelength scale. The wavelength correction determined
from the averaged spectrum was subsequently applied uniformly
to each individual time step, ensuring a consistent and stable
wavelength calibration across the full data set.

ROSA context images were provided via a 5.2 nm bandpass
continuum filter centered at 417.0 nm, which were acquired with a
cadence of 33 ms, providing a speckle reconstructed final cadence
of 2.11s (64 — 1 restorations; Woger et al, 2008). The ROSA
continuum images were taken with a platescale of 07077 per
pixel, providing a field-of-view size equal to 77" x 77". Additional
supporting images from the Atmospheric Imaging Assembly
(AIA; Lemen et al., 2012) and the Helioseismic and Magnetic
Imager (HMI; Scherrer et al., 2012) on-board the Solar Dynamics
Observatory (SDO; Pesnell et al, 2012) are used to provide
both full-disk context images for co-alignment and photospheric
vector magnetograms for the computation of extrapolated magnetic
fields from the observed active region. Co-alignment between
the FRANCIS two-dimensional fiber array and the contextual
SDO/HMI and ROSA images was performed using the back-
reflected image from the fiber ferrule. The full disk SDO/HMI
continuum intensity image can be seen in the upper-left panel
of Figure 1, then cropped to the relevant sub-field in the upper-
right panel. The corresponding ROSA continuum image is displayed
in the lower-left panel of Figure 1, while the lower-right panel
displays the same ROSA context image but with the co-aligned two-
dimensional FRANCIS fiber array overplotted. Here, the intensities
of each FRANCIS fiber are extracted from the continuum that
bridges the Na;D, and Na;D, spectral lines.

3 Analysis and discussion
3.1 Spectral line modeling

In order to better estimate the formation heights of
the two Na;D,/D, absorption lines, particularly within the
atmosphere of a highly magnetic sunspot, we first compute the
contribution functions of each Nay line using the RH1.5D radiative
transfer code (Uitenbroek, 2001; Pereira and Uitenbroek, 2015).
The RHI1.5D code computes solutions for solar atmospheric
radiative transfer equations alongside statistical equilibrium
equations (Jafarzadeh et al, 2017). The Maltby ‘M’ model
atmosphere (Maltby et al., 1986) is used as this best represents
the sunspot umbral environment we are examining in our present
work. Next, the contribution functions and spectral profiles are
convolved with a Gaussian matching the spectral instrumental
profile of FRANCIS.
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The upper-left panel of Figure 2 shows two contribution
functions for the Na;D; line, corresponding to the line core
(orange line) and the line core —300 mA (blue line). We use
these contribution functions because they directly show how each
atmospheric layer contributes to the emergent intensity, providing
an intuitive and computationally efficient estimate of representative
formation heights. A wavelength separation of 300 mA was chosen
to ensure the resulting formation height separation was sufficiently
large, while also avoiding unnecessarily large wavelength separations
that result in contamination from spectral blends far into the
Na;D,/D, line wings (see, e.g., the lower-left panel of Figure 2).
The centroids of the contribution functions in geometric height
can be taken as an estimation of the formation height of the line,
providing formation heights of ~355 + 40 km and ~750 + 50 km for
the Na;D, line wing and line core, respectively. The uncertainty in
the estimated formation heights of each line position was calculated
using the spectral resolution of FRANCIS (derived from the spectral
sampling of AL =0.008 nm), which is subsequently propagated
through the RH1.5D code to provide the degree of uncertainty
in the estimated formation heights. Incorporating two wavelength
positions for the Na;D, spectral line (line core and line core —300
mA), alongside the formation height of the Na;D, line core, we
are provided with three distinct formation heights from which
to extract and analyze wave behavior. These formation heights
correspond to ~355 + 40 km (Na;D, line core —300 mA), ~750 + 50
km (Na;D, line core), and ~850 + 50 km (Na;D, line core). However,
we note that the formation heights derived here are independent
of the Wilson depression (Wilson and Maskelyne, 1774), whereby
the height of the visible umbral photosphere is often depressed
by ~500 km when compared to the surrounding quiet Sun
(Solanki et al., 1993; Loptien et al., 2018). Hence, the heights
employed throughout this work are representative of the formation
heights above the umbral photosphere and are not necessarily
equivalent to those found in quiet Sun locations.

We emphasize that these formation heights are intended as
approximate, model-dependent reference values. In the present
study, contribution functions are used because they directly
quantify how different atmospheric layers contribute to the
emergent intensity, thereby providing a physically motivated
and computationally efficient estimate of representative line-core
formation heights. By contrast, response functions describe the
sensitivity of the emergent signal to perturbations in specific
atmospheric parameters, and are more naturally suited to detailed
sensitivity or inversion analyses. Since our aim here is to estimate
representative formation heights rather than to characterize the
response to individual perturbations, the use of contribution
functions is appropriate for the present work. We further note
that, because the RH1.5D calculations are based on the Maltby
‘M’ umbral atmosphere, the resulting geometric heights are most
representative of the umbral core and should be regarded as
first-order approximations when applied to more inclined or
thermodynamically distinct regions, such as the umbra-penumbra
boundary. We also note that the Na;D,/D, line profiles are formed
in a strongly magnetized umbral atmosphere, hence the RH1.5D
synthesis used here includes Zeeman splitting in the emergent Stokes
I profiles as this may influence the detailed line shape and hence
the exact wavelength or intensity level associated with a given
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FIGURE 1

A full disk SDO/HMI continuum image acquired at 17:12 UT (upper left). The upper-right panel displays a sub-field of the SDO/HMI continuum image
that is identical to that of the ROSA time series. The lower-left panel is a ROSA continuum image, also obtained at 17:12 UT, while the lower-right panel
shows the same ROSA continuum image but now overplotted with the two-dimensional FRANCIS fiber array, where the color of each fiber (using a
black-red-yellow-white color scale) reflects the continuum intensity extracted from between the Na,D; and Na,D, spectral lines.
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bisector position. This effect is particularly relevant for the 75% line-
depth bisector diagnostic. As a result, the bisector-derived formation
height should be treated as an approximate reference value rather
than a sharply defined geometrical layer. This uncertainty propagates
into quantities that depend directly on height separation, such as
phase speeds, energy fluxes, and damping lengths, but it does not
alter the directly measured phase relationships.

3.2 Magnetic field extrapolations

When observing multiple spectral lines, and therefore
comparing wave activity across multiple atmospheric heights, it
is essential to understand how the magnetic field lines vary between
the observed layers. If there is significant inclination of the magnetic
field between atmospheric layers, then the MHD waves observed
in one spatial location in the photosphere may no longer remain
co-spatial when viewed from the chromosphere. Therefore, it was
deemed necessary to perform magnetic field extrapolations from
the SDO/HMI vector magnetograms in order to determine how
the umbral waveguides connect across the sunspot atmosphere
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and whether photospheric/chromospheric dynamics are indeed
co-spatial and remain captured by the same FRANCIS fiber.

To perform magnetic field of the
SDO/HMI magnetograms,  the  Vertical-Current
Approximation Field (VCA-NLFFF;
Aschwanden, 2016; Aschwanden et al., 2016) extrapolation code
was utilized. This VCA-NLFFF code employs an SDO/HMI full disk
vector magnetogram and decomposes it into its magnetic source
components. Accompanying EUV/UV images from SDO/AIA are

extrapolations
vector

Nonlinear Force-Free

also taken as inputs to trace loops at coronal heights, which outline
the magnetic field geometries at atmospheric heights exceeding
several thousand km. The model then uses both sets of images
to calculate a nonlinear force-free field solution, returning vector
magnetic field information as a function of atmospheric height
that enables inclination angles to be estimated from the expected
formation heights of the Na;D,/D, FRANCIS observations.

To better visualize the outputs from the VCA-NLFFF magnetic
field extrapolations, it is possible to trace individual field lines as
they permeate through the solar atmosphere. Figure 3 shows the
magnetic structure relevant to the sunspot under investigation,
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The upper-left panel displays the contribution functions for the Na,D; line core (solid orange line) and the Na,D; wing (-300 mA; solid blue line), where
the mean formation heights for each have been highlighted using a vertical dashed line. The upper-right panel displays the estimated formation heights
(in km) across the Na,D; spectral line, where the orange and blue circles indicate the wavelengths of interest used in our present study (i.e., Na,D; line
core in orange, with the Na,D; —300 mA in blue), which correspond to the contribution functions depicted in the upper-left panel. The middle-left panel
shows a typical umbral Na,D; Stokes ///. spectrum (i.e., normalized to the quiet Sun continuum intensity, /.), where the line core and 75% line depth
bisector wavelengths are indicated using orange and blue crosses, respectively. Velocity time series, corresponding to line-core Doppler velocities
(orange line) and 75% line depth bisector velocities (blue line), are shown in the middle-right panel as a function of time across the observing sequence.
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where only magnetic field lines anchored into the umbral regions
sampled by the two-dimensional FRANCIS fiber bundle are
depicted. The cutout shown in Figure 3 covers atmospheric heights
spanning 0 — 1000 km, which is consistent with the expected range
of formation heights stemming from the Na;D,/D, contribution
functions. The inclination angles of the magnetic field, particularly
towards the center of the sunspot umbra, are typically < 10°
highlighting the near-vertical nature of the magnetic field lines in
the lower umbral atmosphere.

When mapped onto the solar disk, a FRANCIS fiber core has
a spatial diameter of 1”1 (1”5 when the cladding is considered).
Given the maximum height separation between the Na;D, line
core (850 +50 km) and the Na;D, line core —300 mA (355 +40
km) is on the order of 500 km, a simple trigonometric calculation
reveals that inclination angles of < 38.7°are sufficient to prevent the
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magnetic field lines from being displaced by more than the radius of
a FRANCIS fiber core (i.e., < 0.55arcseconds) as they move upwards
through the sunspot atmosphere (i.e., preventing fiber-to-fiber
contamination of signals spanning the range of Na;D, /D, formation
heights). From examination of the VCA-NLFFF extrapolation
outputs, such extreme angles are not identified at the heights
corresponding to the Na;D,/D, mean formation heights. Therefore,
when comparing observations from both Na;D,/D, lines, it can be
reasonably assumed that the source features remain isolated to the
same FRANCIS fiber across the sampled height range. However, the
observed sunspot is situated at ¢ = 0.85, so the observer’s line of sight
is inclined by ~31° with respect to the local solar normal. Since the
extrapolated umbral magnetic field is close to vertical in the umbral
core, with inclinations typically below ~10° over the relevant height
range, the measured LOS velocities should be regarded as projected
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FIGURE 3

Three-dimensional visualization of extrapolated magnetic field lines
protruding from the umbral region within the photosphere that is
co-spatial with the FRANCIS fiber array, extending to 1,000 km (i.e.,
into the lower chromosphere). The base layer is a context ROSA
continuum intensity image showing the observed sunspot using a
black/white color table, while the FRANCIS fiber array is overplotted
using a blue/white color table, where the intensity associated with
each fiber position is extracted from a continuum wavelength
between the Na,D; and Na D, spectral lines. Extrapolated magnetic
field lines from the VCA-NLFFF code are overplotted, where the
inclination angles (in degrees) from the solar normal are displayed
using a yellow-red-indigo color scale. The dominant color of the
extrapolated field lines appears yellow-orange due to the low
inclination angles associated with umbral core locations.

components of the field-aligned velocity. Consequently, the quoted
velocity amplitudes, and hence the derived energy fluxes, are lower-
limit estimates. This projection does not materially affect the phase-
based distinction between standing-like behavior in the umbral core
and propagating behavior near the umbra-penumbra boundary, but
it should be considered when interpreting absolute flux values.

3.3 Time series analysis

To investigate oscillatory signals within the sunspot atmosphere
over the duration of the observations, both line-core Doppler and
bisector velocity time series were computed for the Na;D, and Na;D,
spectral lines. For line-core Doppler velocities, the wavelength of
the turning point of the Na;D; and Na;D, lines were calculated
using the WaLSA LineFit tool (Jafarzadeh et al., 2026), as shown
in Figure 4. This tool offers the ability to iteratively fit spectral lines
using Voigt profiles and includes the ability to account for any line
asymmetries that may exist within the absorption feature. The tool
allows for tuning of the fitting window about the absorption feature.
In this study, the fitting window was restricted to +3 pixels on
either side of the reference wavelength to ensure the fit remained
sensitive only to line core fluctuations. In addition to the average
formation heights calculated from the contribution functions of the
Na;D,/D, lines (upper panels of Figure 2), further information can
be extracted from the bisector wavelengths (i.e., at 75% of the Na;D,
line depths). However, as noted in Jess et al. (2023a), the FRANCIS
instrument has a slight increase in spectral broadening in the red
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wing of the observed spectral lines, which may be a consequence
of an optical coma (Tu et al., 2021) and/or a residual astigmatism
caused by imperfect focusing of the tangential/sagittal focal planes
provided by the toroidal mirror within the FRANCIS spectrograph
(Foreman, 1968; Lee et al., 2010). Hence, before extraction of
bisector metrics, it is important to first remove asymmetric
instrumental broadening effects so they do not adversely affect the
resulting bisector velocities computed. Therefore, a deconvolution
kernel was produced to accurately re-map an example quiet Sun
spectrum captured at disk center with the FRANCIS instrument
onto the Fourier Transform Spectrometer (FTS; Brault, 1978) solar
atlas spectrum. This deconvolution kernel was subsequently applied
to each of the science spectra, producing Na;D,/D, spectra devoid
of instrumental red wing asymmetries.

Comparisons of both the quiet-Sun spectrum from FRANCIS
with the FTS solar atlas spectrum are presented in Figure 5.
The instrumental line spread function (LSF) was modeled as
an asymmetric Gaussian kernel, parameterized by independent
left- and right-hand standard deviations (e, Oigp)- The kernel
parameters were determined empirically by iterative forward
modeling: the FTS quiet-Sun solar atlas was convolved with
candidate kernels across a grid of (0j., 0yigh,) values, and the result
compared to the observed data. The resulting asymmetric kernel
was then used to perform Wiener deconvolution in the Fourier
domain, recovering a spectrum with the skew from the instrumental
coma minimized to allow for subsequent bisector analysis. The
resulting reduction in red-wing broadening can be seen in both
panels of Figure 5, where the corrected Na;D, and Na;D, profiles
show improved agreement with the FTS solar atlas. We also note
that spatially scattered photospheric light may contribute to the
measured umbral spectra. The relatively high umbral continuum
intensity, when normalized to the quiet-Sun continuum, suggests
that a non-negligible scattered-light component cannot be ruled
out. Such contamination would tend to dilute line depths and
reduce the measured Doppler and intensity oscillation amplitudes,
meaning that the derived wave powers and energy fluxes should
be interpreted as lower-limit or order-of-magnitude estimates.
However, moderate scattered-light contamination is not expected
to generate the systematic spatial difference observed between near-
zero phase behavior in the umbral core and frequency-dependent
phase lags at the umbra-penumbra boundary. We therefore treat
scattered light as an uncertainty on the absolute amplitudes and
fluxes, rather than on the quantitative phase classification. Bisector
wavelengths were subsequently calculated for the Na;D, line at 75%
of its corresponding line depth to match the calculated formation
heights depicted in the upper panels of Figure 2, ie., 75% of a
quiescent Na;D, line profile corresponds to the intensities found at
the line core —~300 mA, hence remaining consistent with the RH1.5D
models and their computed formation heights.

For each wavelength component (Na;D, line core and 75% of
its line depth, plus the Na;D, line core), and at each time step for
the Na;D, /D, spectral lines, the wavelengths were compared to their
rest wavelengths, A, of 588.994 nm and 589.592 nm to compute the
relevant velocities as:

Aobs - /\0

VLos = € 1 >
0
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where v;og is the line-of-sight velocity calculated from the
Doppler shift, ¢ is the speed of light, and A is the measured
wavelength of the line core or bisector. Example velocity time series
from the Na;D, line core (i.e., 100% of the corresponding line depth)
and bisectors computed at 75% of the Na;D, line depth are shown
in the lower-right panel of Figure 2.

To investigate the frequencies present within the Doppler
velocity time series, the proven wave analysis techniques described
in Jess et al. (2023b) and Jafarzadeh et al. (2025) were employed.
The time series were first detrended using a third-order polynomial
to maximize stationarity, then a 90% apodization filter was applied
to mitigate edge effects arising due to the non-infinite duration
of the time series. Next, power spectral densities (PSDs) were
computed, with example PSDs for the Na;D, and Na;D, line
core umbral velocity time series displayed in the left panel of
Figure 6. Here, peak power is found at =55 mHz for both
of the Na;D,/D, lines, which remains consistent with previous
Na;D, /D, investigations (Mattig and Zerfass, 1991; Chae et al., 2017)
and general chromospheric wave studies in sunspot umbrae (e.g.,
Centeno et al., 2006; Nagashima et al., 2007; Yuan et al., 2014;
Jess et al.,, 2017; Grant et al., 2018; Houston et al., 2018; 2020;
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Stangalini et al., 2018; Yurchyshyn et al., 2020; Sych et al., 2021;
Albidah et al, 2022; Chai et al, 2022; Chae et al, 2023;
Yuan et al., 2023; Sanjay et al., 2025, to name but a few more recent
examples). A smaller power peak is also visible in the left panel of
Figure 6 at approximately 3 — 4 mHz, which is more consistent with
photospheric frequencies (Khomenko et al., 2008; Priya et al., 2018;
Rajaguru et al., 2019; Das and Karmakar, 2026). However, as the
dominant frequency for both the Na;D, and Na; D, line core velocity
time series is =5.5 mHz, we are able to conclude that the Na;D,/D,
line cores more closely sample chromospheric plasma, which is
supported by the line core contribution function shown in the
upper-left panel of Figure 2.

To examine the spatial distribution of the dominant =5.5 mHz
wave power in the Na;D,/D, line core velocity time series, we
created power maps by integrating the PSD power between 5—
6 mHz (marked on the left panel of Figure 6 using a vertical
magenta band) and displaying this as a two-dimensional map placed
on top of the ROSA continuum context image (right panel of
Figure 6). The =5.5 mHz wave power that dominates the Na;D,/D,
line core velocity time series is concentrated towards the center
of the umbra, gradually decreasing in magnitude towards the
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Fourier power spectral densities (PSDs) of Doppler velocity time series for the Na,D; (dashed orange line) and Na D, (solid blue line) spectral lines
corresponding to a location at the center of the sunspot umbra. The vertical magenta band denotes the 5-6 mHz frequency range where the power
of both spectral diagnostics peak. The right panel shows the ROSA continuum context image, but with integrated Na,D, spectral power from the
FRANCIS umbral fibers between 5 -6 mHz overplotted using a purple-to-yellow color table. Hence, each circle corresponds to a unique FRANCIS
fiber, while the color represents the 5-6 mHz integrated power for that specific fiber location. Note that only fibers lying inside the sunspot umbra are
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umbral/penumbral boundary. This is consistent with the work of
Kobanov et al. (2013) and Sych et al. (2024), who were able to
reveal that the largest wave power at =5.5 mHz in chromospheric
diagnostics is concentrated towards the center of a sunspot umbra,
where the magnetic field strengths are also at their strongest.
However, we find a spatial offset of ~4000 km (~5.5 arcseconds)
between the location of peak wave power and the maximal umbral
field strength, which according to the work of Stangalini et al. (2021)
may indicate the presence of different MHD eigenmodes within the
umbral atmosphere. However, to fully address this issue requires full
Stokes spectropolarimetry to allow the magnetic oscillations to be
benchmarked against their velocity counterparts, so this will form
the basis of a future FRANCIS study once the polarization optics are
fully operational.

In the umbral PSDs displayed in the left panel of Figure 6,
we note that an additional strong power peak is found at ~32
mHz, which is around one order of magnitude stronger than the
power demonstrated at neighboring frequencies. Jess et al. (2020)
also found clear power peaks at higher (~20 mHz) frequencies
within upper chromospheric He;10830 A observations, which the
authors speculated may be correlated with the value of the density
scale height present within an umbral resonance cavity. Hence,
if resonant waves are present within the sunspot atmosphere,
these standing modes can be identified through phase relationships
between neighbouring atmospheric layers, whereby propagating
waves will have a frequency-dependent phase relationship, while
standing modes will demonstrate in-phase oscillations across all
frequencies (Jess et al., 2023b).

In the present study, we have identified three unique wavelength
positions (line core and 75% of the line depth for the Na;D, spectral
line, alongside the line core of the Na;D, spectral line) that, through
examination of their respective contribution functions (see, e.g., the
upper panels of Figure 2), provide us with three distinct formation
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heights over which we can examine the propagation characteristics
of the embedded oscillations. To do so, we initially perform wavelet
cross-correlation analysis (following the methodology presented
in Jess et al.,, 2023b; Jafarzadeh et al., 2025) on the Na;D, and
Na;D, line core velocity oscillations (coherence > 0.8), which have
a height separation of ~100 km. The outputs of the wavelet cross
correlation analysis provide us with a measurement of the phase
lag between the two input time series, with wavelets preferred
over conventional Fourier cross correlation analysis due to it
providing increased number statistics across the full observational
time frame (see, e.g., Grant et al., 2022). The resulting wavelet phase
diagrams are subsequently condensed into one-dimensional phase
plots (Figure 7) to remain consistent with previous examples of work
in this area (e.g., Centeno et al., 2006; Krishna Prasad et al., 2017).
Phase spectra between the Na;D, and Na;D, line-core velocity
time series are shown in Figure 7. The left panel represents
Na;D,/D, information extracted from 30 FRANCIS fibers closest
to the center of the sunspot umbra, where the 5-6 mHz
wave power is strongest. The mean phase angle for these fibers
remains close to 0° over the frequency range where the phase
uncertainties are smallest. Here, the error bars associated with
each frequency correspond to the respective standard deviations
in the computed (wavelet-derived) phase angles, following the
approaches detailed in Grant et al. (2022). Above 12.5mHz,
the uncertainties increase substantially, similar to the findings of
Krishna Prasad et al. (2017), while near the dominant frequency
of =5.5 mHz the uncertainties are as small as +8°. We interpret
this near-zero phase behavior as consistent with standing-like
oscillations in the upper-photospheric/lower-chromospheric layers
sampled by the Na;D,/D, line cores (i.e., ~750 — 850 km). However,
because the Na;D; and Na;D, contribution functions partially
overlap and their nominal height separation is modest, the velocity-
velocity phase relationship alone should not be regarded as
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Example phase spectra from wavelet cross correlation analysis between the Na,D; and Na,D, line core Doppler velocity time series. The left panel
displays phase variations as a function of frequency for umbral core locations, while the right panel reveals phase variations as a function of frequency
for FRANCIS fiber locations at the umbra-penumbra boundary. In each panel, the phase angle uncertainties correspond to the standard deviations of
the phase angles determined by wavelet analysis, the horizontal dashed blue line represents 0° phase, while the magenta line showcases a linear line of
best fit applied to the measured phase values. The blue data points in the right panel represent phase angles that were utilised in the fitting of the
gradient between phase angle and frequency, whereas the grey points are omitted.
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unequivocal proof of a standing mode. Instead, it forms part of
a broader set of evidence, together with the spatial concentration
of 5—-6 mHz power in the umbral core and the contrast with
propagating phase behavior at the umbra-penumbra boundary,
which is in support of the increasing number of publications
providing evidence for the existence of resonance cavities in sunspot
umbral atmospheres (e.g., Jess et al., 2020; 2021b; Felipe et al., 2020;
2021; 2025; Sych et al., 2024).

On the other hand, the right panel of Figure 7 represents
Na;D,/D, information extracted from 12 FRANCIS fibers located
at the umbral/penumbral boundary. It is clear from this panel
that the mean phase angle is a function of frequency, with
phase angles ~0° under 3 mHz (where the waves are likely
to be evanescent; Deubner, 1975; Lites and Chipman, 1979;
Deubner et al., 1990; Jess et al., 2012b; Kontogiannis et al., 2016),
then increasing monotonically up to phase angles of =80°
at frequencies of 10 mHz. Similar to the umbral core phase
spectra, frequencies beyond 12.5 mHz suffer from increased phase
uncertainties, although within the frequency range of 1-10
mHz the increase in phase angle with frequency is abundantly
clear. This trend is representative of propagating waves (see, e.g.,
Centeno et al, 2006; Krishna Prasad et al, 2017) manifesting
towards the umbral/penumbral boundary, which may be related
to the increasing magnetic field inclination angles in these locations
providing the necessary environment for RPWs to propagate.

While the dominant =5.5 mHz power identified in the Na;D, /D,
line-core velocity time series is consistent with chromospheric wave
activity in sunspot umbrae, we also consider the potential influence
of umbral flashes (UFs). Early work noted a correlation between
oscillations in the Ca;K line core and Na;D,/D, measurements
(Kneer et al., 1981), motivating us to examine whether UF activity
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is present in our observations. We find no clear evidence of UFs in
the present data. The Na;D,/D, velocity time series exhibit smooth
oscillatory signatures, with no indication of sawtooth temporal
profiles or asymmetric line-core emission reversals characteristic of
chromospheric shock-driven UF events (Beckers and Tallant, 1969).
This is further supported by the formation properties of the
Na;D,/D, lines, whose line-core contribution functions peak at
geometric heights <1,000 km, spanning the upper photosphere and
base of the chromosphere. These heights are below the atmospheric
layers in which UF thermal perturbations are typically most
pronounced (Grant et al., 2018). We therefore conclude that umbral
flashes are unlikely to significantly influence the Na;D, /D, line-core
velocity measurements presented here, although we cannot exclude
UF signatures in higher-forming diagnostics.

Following the methods of Felipe et al. (2020), we also
performed velocity-intensity (V-I) phase analysis on the Na;D,
line-core time series, using intensity fluctuations as a proxy for
temperature perturbations. Across the full observing sequence, the
phase spectra do not show a persistent frequency-independent
71/2 phase difference, nor the corresponding jump to —7/2 radians
associated with resonance nodes. However, during the coherent
interval between approximately 200 — 900 s shown in Figure 8, the
Doppler velocity leads the intensity by approximately 7/2 radians.
This behavior is consistent with the velocity-temperature phase
relationship expected for a chromospheric resonance cavity, but
because it is not persistent across the full observing sequence, we
treat it as supporting evidence rather than a decisive diagnostic of
resonant behavior.

To better examine the propagation characteristics of the waves
found towards the umbral/penumbral boundary, we also employ
bisector analysis corresponding to 75% of the Na;D, line depth to

frontiersin.org


https://doi.org/10.3389/fspas.2026.1826789
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Chambers et al.

10.3389/fspas.2026.1826789

Normalised Amplitude (Detrended)

a1 D2 Line Core Intensity |

—— NalD2 Line Core Velocity

L1 N N
300 400 500

FIGURE 8

PR B P P 1
600 700 800 900

Time (s)

Example time series for both Na,D, line core Doppler velocity (red) and intensity (black). These time series were measured in a representative FRANCIS
fiber sampling the umbral core, where the 5-6 mHz oscillatory power is strongest.

provide us with an additional formation height to better track the
wave propagation. As documented in the upper panels of Figure 2,
this bisector wavelength position provides an estimated formation
height of =355 km, which can then be combined with the =750 km
and =850 km formation heights of the Na;D, and Na;D, line cores,
respectively, to provide 3 distinct layers from which we can probe
the embedded wave behavior using our previously defined cross
correlation analyses. We note, however, that these geometric heights
are derived from an umbral model atmosphere and therefore provide
only first-order reference values at the umbra—-penumbra boundary;
consequently, the phase speeds, energy fluxes, and damping lengths
derived below should be interpreted as approximate, model-
dependent estimates. Across these formation heights, the phase
speed of the wave (estimated by the sound speed, c,, due to the
magnetoacoustic nature of the waves), can be calculated from the
derived phase angles and estimated height separations following
(Jess et al., 2023b),

360

¢, = fAzx v

where A¢ denotes the phase difference (in degrees), f is the
oscillation frequency, and Az is the height separation between the
two formation layers. The local sound speed, c,, can hence be
obtained from the gradient of the phase/frequency relationship, as
seen in Figure 7. From the example phase spectra shown in the
right panel of Figure 7, corresponding to the phase lag between the
Na;D, /D, line core velocity time series (corresponding to formation
heights of 750 km and 850 km, respectively), we calculate a sound
speed value of ¢, =9.3+1.2 km s™*. For the phase spectra between
75% of the Na;D, line depth and the line core (corresponding to
formation heights of 355 km and 750 km, respectively), we find a
slightly higher sound speed of ¢, = 11.8 2.0 km s™.

To verify these values, we also compute the sound speed
using temperature values extracted from the Maltby ‘M’ sunspot
umbral core model (Maltby et al., 1986) at the three representative
formation heights employed here: 355 km, 750 km, and 850 km. The
theoretical sound speed was calculated according to the methods
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detailed in Krishna Prasad et al. (2017) as,

where y is the polytropic index, R is the gas constant, and y
is the mean molecular weight. In this study we consider y =5/3,
R=8314x10" erg K' mol™}, and y = 0.61 (Mariska, 1993). With
these values, we compute sound speeds as 8.8 km s5,91km s},
and 9.7 km s at atmospheric heights of 355 km, 750 km, and
850 km, respectively. These sound speeds are in broad agreement
with the observationally derived values of ¢, =11.8+2.0 km s
(atmospheric heights of 355 — 750 km) and ¢, =9.3+ 1.2 km s™'
(atmospheric heights of 750 — 850 km). The slightly higher sound
speed calculated between the Na;D, line wing and Na;D, line core
is likely the result of more uncertainty associated with the formation
height linked to 75% of the Na;D, line depth, which translates into
increased velocity uncertainty in the estimated sound speed between
these atmospheric layers. Nevertheless, a sound speed of ~9.6 km
s~! can be used for subsequent energy flux calculations due to its
consistent magnitude between both model atmosphere calculations
and observational measurements.

With the wave propagation speed calculated, it is possible to
estimate the energy flux of the propagating waves seen at the
umbra/penumbra boundary across the three atmospheric heights
under investigation following Gilchrist-Millar et al. (2021) as,

E=p(&)c,,

where E is the wave energy flux, p is the plasma mass density,
and (8v*) is the mean square velocity fluctuation identified from
the input velocity time series. The densities obtained from the
Maltby ‘M’ umbral core model at 355 km, 750 km, and 850 km are
2.928x107° kgm™>,6.731 x 10”7 kg m 3, and 2.579 x 107 kg m~3,
with root mean square velocity amplitudes in the corresponding
umbral time series measured to be 0.309 km s~!, 0.783 km s7!,
and 1.037km s7!, respectively. In the lower atmospheric layer
spanning 355km — 750 km, this provides an energy flux of 1.267 x
10* W m™. At the higher atmospheric heights of between 750km —
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850 km, we find the energy flux decreases to 3.145x10° W
m 2, where this approximate factor-of-four decrease is consistent
with previous studies of wave propagation in magnetic structures
(Krishna Prasad et al., 2017; Gilchrist-Millar et al., 2021).

With  the
atmospheric layers, the damping length equation provided in

energy flux estimated for two distinct
Krishna Prasad et al. (2019) can be adapted to its energy flux

equivalent to give,

E(h) =Eye "/,

where E(h) is the energy flux at height h, E; is the reference
energy flux, and L; is the damping length. The energy flux gradient,
as a function of atmospheric height, therefore provides an estimate
of the damping length, which corresponds to L; = 363 km in our
present study. Our damping length is slightly higher than the
damping lengths previously calculated for both photospheric quiet
Sun and magnetic pores (L; = 210 km and L; = 268 km, respectively;
Gilchrist-Millar et al., 2021). However, as our present study focuses
on atmospheric heights synonymous with the upper photosphere
and lower chromosphere, it is expected that the damping lengths will
become larger as a result of the comparable increase in the density
scale height (Krishna Prasad et al., 2014; 2019).

The coexistence of standing-like and propagating phase behavior
also helps reconcile the present results with earlier Na;D,/D,
studies that interpreted phase differences as evidence for upward
propagation. In the present observations, upward propagation is
indeed detected toward the umbra-penumbra boundary, where the
magnetic field is more inclined and lower-frequency waves may
propagate more readily. The near-zero phase behavior is instead
concentrated in the umbral core, where the strongest 5—-6 mHz
power is observed and where the magnetic field is close to vertical.
Thus, the FRANCIS IFU observations do not imply that the
Na;D,/D, atmosphere is globally standing. Instead, they show that
propagating and standing-like signatures coexist spatially within the
same sunspot atmosphere.

4 Concluding remarks

In this study we have exploited the new integral field unit,
FRANCIS, to explore the oscillatory behavior of the Na;D,/D,
spectral lines simultaneously across a two-dimensional sunspot
umbral field of view. With simultaneous observations of both
spectral lines, alongside supporting bisector velocity analysis, we
have demonstrated a mixture of standing and propagating waves in
the atmosphere above the sunspot.

First, at the umbra-penumbra boundary, we find evidence of
propagating waves with phase speeds of 11.8 +2.0 km s™! between
heights of 355 km and 750 km, and 9.3 + 1.2 km s™" between heights
of 750 km and 850 km. Due to these waves propagating along
magnetic field lines with larger inclination angles compared to those
at the center of the umbra, we propose that these may indicate
the lower atmospheric components of RPWs (Jess et al., 2013). By
combining these inferred phase speeds with mean square velocity
amplitudes at each height, we determine energy fluxes on the order
of 1.267 x 10* W m™? and 3.145 x 10> W m™? at the lower and higher
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atmospheric layers, respectively. Such a decrease in energy flux as
the waves propagate upward suggests a damping length of L; = 363
km, which is marginally larger than the damping lengths computed
in photospheric wave observations (Gilchrist-Millar et al., 2021),
although still consistent with the overall density scale height
expected in the upper photosphere and lower chromosphere.

Second, and perhaps most importantly, we utilize the
simultaneous imaging and spectroscopy capabilities of an integral
field unit to demonstrate that chromospheric oscillations with a
peak frequency of =5.5 mHz dominate the center of the sunspot
umbra. Unlike the propagating waves at the umbra-penumbra
boundary, these central umbral oscillations exhibit near-zero
velocity phase differences over the frequency range where the
phase uncertainties are smallest. This behavior is consistent with
standing-like oscillations at the lower-chromospheric formation
heights sampled by the Na;D,/D, spectral lines, supporting the
interpretation of a wave-amplifying resonance cavity. The PSDs of
these locations also give rise to a secondary peak at =32 mHz, which
may be correlated with the density scale height within an umbral
resonance cavity (Jess et al., 2020; 2021b).

These initial observations using FRANCIS demonstrate the
capability of a fiber-fed IFU to simultaneously resolve spatial and
spectral information at high cadence, revealing vertical atmospheric
wave structuring and the coexistence of propagating and standing-
like slow magnetoacoustic signatures. Future work will employ
the FRANCIS polarization optics to search for magnetic wave
signatures in complete Stokes I/ Q/U/V spectra, and will use modern
machine-learning and artificial-intelligence approaches to perform
rapid spectropolarimetric inversions (e.g., Campbell et al., 2025;
2026). The analysis techniques applied here are not exclusive to
FRANCIS, but are directly relevant to future studies with other
solar IFUs. In particular, higher-spatial-resolution observations
from facilities such as DKIST, including DL-NIRSP integral-field
spectroscopy (Jaeggli et al., 2022), will provide an important
route toward resolving wave behavior across a broader range of
atmospheric heights.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

GC: Formal Software,

draft, Visualization, Investigation, Validation, Data curation,

Analysis, Writing - original
Methodology. DJ: Conceptualization, Data curation, Resources,

Project administration, Writing - original draft, Funding
acquisition, Supervision. SJ: Visualization, Validation, Software,
Methodology, Writing — original draft, Investigation. MB: Formal
Analysis, Writing - original draft, Investigation, Methodology.
SG: Writing - original draft, Data curation, Conceptualization,
Supervision, Investigation. MS: Resources, Writing — original draft,
Software. HS: Software, Resources, Writing — original draft. DC:
Writing - original draft, Investigation, Resources. LV: Methodology,

Writing — original draft, Supervision, Resources. AL: Resources,

frontiersin.org


https://doi.org/10.3389/fspas.2026.1826789
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Chambers et al.

Supervision, Writing — original draft. FG: Writing - original draft,
Supervision.

Funding

The author(s) declared that financial support was received
for this work and/or its publication. UK Science and Technology
Facilities Council (STFC) consolidated grants ST/T00021X/1 and
ST/X000923/1. UK STFC PATT Travel Grant UKRI372. Leverhulme
Trust Research Project Grant RPG-2019-371. UK Space Agency
National Space Technology Programme grant SSc-009. The Royal
Society award no. Hooke18b/SCTM. NASA grants 19-HSODS-004
and 21-SMDSS21-0047. International Space Science Institute (ISSI)
Team 502. GC, DBJ and SJ wish to thank the UK Science and
Technology Facilities Council (STFC) for the consolidated grants
ST/T00021X/1 and ST/X000923/1, alongside the PATT Travel Grant
UKRI372. DBJ acknowledges support from the Leverhulme Trust
via the Research Project Grant RPG-2019-371. DBJ and SDTG also
acknowledge funding from the UK Space Agency via the National
Space Technology Programme (grant SSc-009). S] acknowledges
support from the Rosseland Centre for Solar Physics, University
of Oslo, Norway, and the Max Planck Institute for Solar System
Research, Germany. MB acknowledges that this publication was
produced while attending the PhD programme in Space Science
and Technology at the University of Trento, Cycle XXXIX, with the
support of a scholarship financed by the Ministerial Decree no. 118
of 2 March 2023, based on the NRRP - funded by the European
Union - NextGenerationEU - Mission 4 “Education and Research”,
Component 1 “Enhancement of the offer of educational services:
from nurseries to universities” - Investment 4.1 “Extension of the
number of research doctorates and innovative doctorates for public
administration and cultural heritage” - CUP E66E23000110001. DJC
acknowledges partial support of this project from NASA grants
19-HSODS-004 and 21-SMDSS21-0047. We wish to acknowledge
scientific discussions with the Waves in the Lower Solar Atmosphere
(WaLSA; www.WaLSA.team) team, which has been supported by

References

Aimanova, G. K., and Gulyaev, R. A. (1976). Distribution of neutral sodium and velocity
of nonthermal motions in the lower chromosphere based on eclipse observations of the
resonance doublet D,-D,. Sov. Astron. 20, 201.

Albidah, A. B., Fedun, V., Aldhafeeri, A. A., Ballai, I., Brevis, W., Jess, D. B., et al. (2022).
Magnetohydrodynamic wave mode identification in circular and elliptical sunspot
umbrae: evidence for high-order modes. Astrophysical J. 927, 201. doi:10.3847/1538-
4357/ac51d9

Aschwanden, M. J. (2016). The vertical-current approximation nonlinear force-
free field code—description, performance tests, and measurements of magnetic
energies dissipated in solar flares. Astrophysical J. Suppl. 224, 25. doi:10.3847/0067-
0049/224/2/25

Aschwanden, M. ], Reardon, K., and Jess, D. B. (2016). Tracing the chromospheric and
coronal magnetic field with AIA, IRIS, IBIS, and ROSA data. Astrophysical J. 826, 61.
doi:10.3847/0004-637X/826/1/61

Bailén, F. J., Orozco Sudrez, D., and del Toro Iniesta, J. C. (2023). Fabry-Pérot etalons
in solar astronomy. A review. Astrophysics Space Sci. 368, 55. d0i:10.1007/s10509-023-
04212-3

Beckers, J. M., and Tallant, P. E. (1969). Chromospheric inhomogeneities in sunspot
umbrae. Sol. Phys. 7, 351-365. doi:10.1007/BF00146140

Berberyan, A., Keys, P. H,, Jess, D. B, and Christian, D. J. (2024). A search for mode
coupling in magnetic bright points. Astron. Astrophys. 690, A363. doi:10.1051/0004-
6361/202451199

Frontiers in Astronomy and Space Sciences

13

10.3389/fspas.2026.1826789

the Research Council of Norway (project no. 262622), The Royal
Society (award no. Hookel8b/SCTM; Jess etal.,, 2021a), and the
International Space Science Institute (ISSI) in Bern through ISSI
International Team project 502 “WaLSA: Waves in the Lower Solar
Atmosphere at High Resolution”

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The authors LV, S] declared that they were an editorial board
member of Frontiers at the time of submission. This had no impact
on the peer review process and the final decision.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Berger, T. E., Schrijver, C. J., Shine, R. A,, Tarbell, T. D,, Title, A. M., and Scharmer, G.
(1995). New observations of subarcsecond photospheric bright points. Astrophysical J.
454, 531. doi:10.1086/176504

Berretti, M., Stangalini, M., Verth, G., Fedun, V., Jafarzadeh, S., Jess, D. B., et al. (2025).
Umbral oscillations in the photosphere: a comprehensive statistical study. Astron.
Astrophys. 697, A156. d0i:10.1051/0004-6361/202453176

Berretti, M., Stangalini, M., Jess, D. B., Jafarzadeh, S., Grant, S. D. T., Verth, G.,
et al. (2026). Can instrumental effects obscure the true photospheric wave spectrum?
Astrophysical J. 997, 197. doi:10.3847/1538-4357/ae331b

Bloomfield, D. S., Lagg, A., and Solanki, S. K. (2007). The nature of running penumbral
waves revealed. Astrophysical J. 671, 1005-1012. doi:10.1086/523266

Bogdan, T. J., Carlsson, M., Hansteen, V. H., McMurry, A., Rosenthal, C. S., Johnson,
M., et al. (2003). Waves in the magnetized solar atmosphere. II. Waves from
localized sources in magnetic flux concentrations. Astrophysical J. 599, 626-660.
doi:10.1086/378512

Bommier, V. (2016). Master equation theory applied to the redistribution of polarized
radiation in the weak radiation field limit. IV. Application to the second solar
spectrum of the Na I D1 and D2 lines. Astron. Astrophys. 591, A60. doi:10.1051/0004-
6361/201526799

Botha, G. J. J., Arber, T. D., Nakariakov, V. M., and Zhugzhda, Y. D. (2011).
Chromospheric resonances above sunspot umbrae. Astrophysical ]. 728, 84.
doi:10.1088/0004-637X/728/2/84

frontiersin.org


https://doi.org/10.3389/fspas.2026.1826789
http://www.WaLSA.team
https://doi.org/10.3847/1538-4357/ac51d9
https://doi.org/10.3847/1538-4357/ac51d9
https://doi.org/10.3847/0067-0049/224/2/25
https://doi.org/10.3847/0067-0049/224/2/25
https://doi.org/10.3847/0004-637X/826/1/61
https://doi.org/10.1007/s10509-023-04212-3
https://doi.org/10.1007/s10509-023-04212-3
https://doi.org/10.1007/BF00146140
https://doi.org/10.1051/0004-6361/202451199
https://doi.org/10.1051/0004-6361/202451199
https://doi.org/10.1086/176504
https://doi.org/10.1051/0004-6361/202453176
https://doi.org/10.3847/1538-4357/ae331b
https://doi.org/10.1086/523266
https://doi.org/10.1086/378512
https://doi.org/10.1051/0004-6361/201526799
https://doi.org/10.1051/0004-6361/201526799
https://doi.org/10.1088/0004-637X/728/2/84
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Chambers et al.

Brault, J. W. (1978). Solar fourier transform spectroscopy. In Future Solar Optical
Observations Needs and Constraints, G. Godoli editors vol. 106, 33

Brisken, W. E, and Zirin, H. (1997). New data and models of running penumbral waves
in sunspots. Astrophysical . 478, 814-816. doi:10.1086/303818

Bruls, J. H. M. ], Rutten, R. J., and Shchukina, N. G. (1992). The formation of
helioseismology lines. I. NLTE effects in alkali spectra. Astron. Astrophys. 265, 237-256.

Campbell, R. J., Mathioudakis, M., Quintero Noda, C., Keys, P. H., and Orozco Suérez,
D. (2025). Application of deep learning to the classification of stokes profiles: from the
quiet sun to sunspots. Astrophysical J. 988, 9. doi:10.3847/1538-4357/addb49

Campbell, R. J., Mathioudakis, M., and Quintero Noda, C. (2026). Transformers for
stratified spectropolarimetric inversion: proof of concept. Astrophysical J. 996, 63.
doi:10.3847/1538-4357/aelba5

Cavallini, E. (2006). IBIS: a new post-focus instrument for solar imaging spectroscopy.
Sol. Phys. 236, 415-439. doi:10.1007/s11207-006-0103-8

Centeno, R., Collados, M., and Trujillo Bueno, J. (2006). Spectropolarimetric
investigation of the propagation of magnetoacoustic waves and shock formation in
sunspot atmospheres. Astrophysical J. 640, 1153-1162. doi:10.1086/500185

Chae, ], Lee, ], Cho, K, Song, D., Cho, K, and Yurchyshyn, V. (2017).
Photospheric origin of three-minute oscillations in a sunspot. Astrophysical J.
836, 18. doi:10.3847/1538-4357/836/1/18

Chae, J,, Lim, E.-K,, Lee, K., Kwak, H., Lee, K.-S., Kang, ], et al. (2023). Why
do chromospheric oscillations in sunspot umbrae appear to propagate downward?
Astrophysical J. Lett. 944, L52. doi:10.3847/2041-8213/acba7d

Chai, Y., Gary, D. E., Reardon, K. P, and Yurchyshyn, V. (2022). A study of sunspot 3
minute oscillations using ALMA and GST. Astrophysical J. 924, 100. doi:10.3847/1538-
4357/ac34f7

Cram, L. E. (1978). High resolution spectroscopy of the disk chromosphere. VI. Power,
phase and coherence spectra of atmospheric oscillations. Astron. Astrophys. 70, 345.

Das, S., and Karmakar, P. K. (2026). Analysis of solar surface oscillations and
energy transport with bispectral electronic thermostatistics. Astrophysical J. 997, 232.
doi:10.3847/1538-4357/ae25ec

de Wijn, A. G., Casini, R., Nelson, P. G., and Huang, P. (2012). Preliminary design of
the visible spectro-polarimeter for the advanced technology solar telescope. In Ground-
Based and Airborne Instrumentation for Astronomy IV, 1. S. McLean, S. K. Ramsay, and
H. Takami editors, vol. 8446 of United States: SPIE, 84466X. d0i:10.1117/12.926497

Deubner, E-L. (1975). Observations of low wavenumber nonradial eigenmodes of the
sun. Astron. Astrophys. 44, 371-375.

Deubner, E-L, and Gough, D. (1984). Helioseismology: oscillations as a
diagnostic of the solar interior. Annu. Rev. Astronomy Astrophysics 22, 593-619.
doi:10.1146/annurev.aa.22.090184.003113

Deubner, E-L., Fleck, B., Marmolino, C., and Severino, G. (1990). Dynamics of the solar
atmosphere. IV - evanescent waves of small amplitude. Astron. Astrophys. 236, 509-514.

Dominguez-Tagle, C., Collados, M., Lopez, R., Cedillo, J. J. V., Esteves, M. A., Grassin,
O., et al. (2022). First light of the integral field unit of GRIS on the GREGOR solar
telescope. J. Astronomical Instrum. 11, 2250014. doi:10.1142/52251171722500143

Dorotovi¢, 1., Erdélyi, R., Freij, N., Karlovsky, V., and Marquez, 1. (2014). Standing
sausage waves in photospheric magnetic waveguides. Astron. Astrophys. 563, A12.
doi:10.1051/0004-6361/201220542

Dunn, R. B. (1969). Sacramento peak’s new solar telescope. Sky Telesc. 38, 368.

Duvall, T. L., Jr, Harvey, J. W, Jefferies, S. M., and Pomerantz, M. A. (1991).
Measurements of high-frequency solar oscillation modes. Astrophysical J. 373, 308.
doi:10.1086/170052

Edwin, P. M., and Roberts, B. (1983). Wave propagation in a magnetic cylinder. Sol.
Phys. 88, 179-191. doi:10.1007/BF00196186

Eibe, M. T., Mein, P, Roudier, T., and Faurobert, M. (2001). Investigation of temperature
and velocity fluctuations through the solar photosphere with the Na I D lines. Astron.
Astrophys. 371, 1128-1136. doi:10.1051/0004-6361:20010464

Felipe, T., and Sangeetha, C. R. (2020). Numerical determination of the cutoff
frequency in solar models. Astron. Astrophys. 640, A4. doi:10.1051/0004-6361/2020
38387

Felipe, T., Khomenko, E., Collados, M., and Beck, C. (2010). Multi-layer study
of wave propagation in sunspots. Astrophysical J. 722, 131-144. doi:10.1088/0004-
637X/722/1/131

Felipe, T., Kuckein, C., Gonzalez Manrique, S. J., Milic, I., and Sangeetha, C. R. (2020).
Chromospheric resonances above sunspots and potential seismological applications.
Astrophysical J. Lett. 900, L29. doi:10.3847/2041-8213/abbla5

Felipe, T., Henriques, V. M. ], de la Cruz Rodriguez, J., and Socas-Navarro, H. (2021).
Downflowing umbral flashes as evidence of standing waves in sunspot umbrae. Astron.
Astrophys. 645, L12. d0i:10.1051/0004-6361/202039966

Felipe, T., Gonzélez Manrique, S. J., Martinez-Gémez, D., Gémez-Miguez, M. M.,
Khomenko, E., Quintero Noda, C., et al. (2025). Observations of umbral flashes in
the resonant sunspot chromosphere. Astron. Astrophys. 693, A165. doi:10.1051/0004-
6361/202452317

Frontiers in Astronomy and Space Sciences

14

10.3389/fspas.2026.1826789

Finsterle, W., Jefferies, S. M., Cacciani, A., Rapex, P,, and McIntosh, S. W. (2004).
Helioseismic mapping of the magnetic canopy in the solar chromosphere. Astrophysical
J. Lett. 613, L185-L188. d0i:10.1086/424996

Fleck, B., and Schmitz, F. (1991). The 3-min oscillations of the solar chromosphere - a
basic physical effect? Astron. Astrophys. 250, 235-244.

Foreman, W. T. (1968). Lens correction of astigmatism in a czerny-turner spectrograph.
Appl. Opt. 7,1053-1059. doi:10.1364/A0.7.001053

Fossat, E., Regulo, C., Roca Cortes, T., Ekhgamberdiev, S., Gelly, B., Grec, G., et al.
(1992). On the acoustic cut-off frequency of the sun. Astron. Astrophys. 266, 532-536.

Gilchrist-Millar, C. A, Jess, D. B., Grant, S. D. T., Keys, P. H., Beck, C., Jafarzadeh, S.,
etal. (2021). Magnetoacoustic wave energy dissipation in the atmosphere of solar pores.
Philosophical Trans. R. Soc. Lond. Ser. A 379, 20200172. doi:10.1098/rsta.2020.0172

Giovanelli, R. G. (1972). Oscillations and waves in a sunspot. Sol. Phys. 27, 71-79.
doi:10.1007/BF00151771

Grant, S. D. T,, Jess, D. B., Zaqarashvili, T. V., Beck, C., Socas-Navarro, H., Aschwanden,
M. ], et al. (2018). Alfvén wave dissipation in the solar chromosphere. Nat. Phys. 14,
480-483. doi:10.1038/541567-018-0058-3

Grant, S. D. T, Jess, D. B,, Stangalini, M., Jafarzadeh, S., Fedun, V,, Verth, G., et al. (2022).
The propagation of coherent waves across multiple solar magnetic pores. Astrophysical
J. 938, 143. doi:10.3847/1538-4357/ac91ca

Holken, J., Doerr, H.-P, Feller, A., and Iglesias, F. A. (2024). Spectroflat: a generic
spectrum and flat-field calibration library for spectro-polarimetric data. Astron.
Astrophys. 687, A22. doi:10.1051/0004-6361/202348877

Hollweg, J. V. (1979). A new resonance in the solar atmosphere. I. Theory. Sol. Phys. 62,
227-240. doi:10.1007/BF00155355

Horn, T., Staude, J., and Landgraf, V. (1997). Observations of sunspot umbral
oscillations. Sol. Phys. 172, 69-76. doi:10.1023/A:1004909030878

Houston, S.]., Jess, D. B., Asensio Ramos, A., Grant, S. D. T., Beck, C., Norton, A. A., etal.
(2018). The magnetic response of the solar atmosphere to umbral flashes. Astrophysical
J. 860, 28. doi:10.3847/1538-4357/aab366

Houston, S. J., Jess, D. B., Keppens, R., Stangalini, M., Keys, P. H., Grant, S. D. T, et al.
(2020). Magnetohydrodynamic nonlinearities in sunspot atmospheres: chromospheric
detections of intermediate shocks. Astrophysical J. 892, 49. doi:10.3847/1538-
4357/ab7a90

Iglesias, F. A., and Feller, A. (2019). Instrumentation for solar spectropolarimetry: state
of the art and prospects. Opt. Eng. 58, 082417. doi:10.1117/1.0E.58.8.082417

Jaeggli, S. A., Lin, H., Mickey, D. L., Kuhn, J. R., Hegwer, S. L., Rimmele, T. R,, et al.
(2008). “The facility IR spectropolarimeter for the Dunn Solar Telescope,” in AGU
Spring Meeting Abstracts. Vol. 2008 of AGU Spring Meeting Abstracts, SH31A-11.

Jaeggli, S. A, Lin, H., Onaka, P, Yamada, H., Anan, T., Bonnet, M., et al. (2022).
The diffraction-limited near-infrared spectropolarimeter (DL-NIRSP) of the Daniel K.
Inouye Solar Telescope (DKIST). Sol. Phys. 297, 137. d0i:10.1007/s11207-022-02062-w

Jafarzadeh, S., Solanki, S. K., Feller, A., Lagg, A., Pietarila, A., Danilovic, S., et al. (2013).
Structure and dynamics of isolated internetwork Ca II H bright points observed by
SUNRISE. Astron. Astrophys. 549, A116. doi:10.1051/0004-6361/201220089

Jafarzadeh, S., Solanki, S. K., Stangalini, M., Steiner, O., Cameron, R. H., and Danilovic,
S. (2017). High-frequency oscillations in small magnetic elements observed with
Sunrise/SuFI. Astrophysical J. Suppl. 229, 10. doi:10.3847/1538-4365/229/1/10

Jafarzadeh, S., Schiavo, L. A. C. A., Fedun, V., Solanki, S. K., Stangalini, M., Calchetti,
D., et al. (2024). Sausage, kink, and fluting magnetohydrodynamic wave modes
identified in solar magnetic pores by Solar Orbiter/PHI. Astron. Astrophys. 688, A2.
doi:10.1051/0004-6361/202449685

Jafarzadeh, S., Jess, D. B., Stangalini, M., Grant, S. D. T, Higham, J. E., Pessah, M. E.,
et al. (2025). Wave analysis tools. Nat. Rev. Methods Prim. 5, 21. doi:10.1038/s43586-
025-00392-0

Jafarzadeh, S., Jess, D. B., Stangalini, M., Keys, P. H., Chambers, G., Grant, S.
D. T, et al. (2026). Adaptive multi-line fitting for stable line-core intensity and
Doppler velocity. Front. Astronomy Space Sci. prep.; Same Research Topical Issue.
doi:10.3389/fspas.2026.1843842

Jess, D. B., Andi¢, A., Mathioudakis, M., Bloomfield, D. S., and Keenan, E. P. (2007).
High-frequency oscillations in a solar active region observed with the RAPID DUAL
IMAGER. Astron. Astrophys. 473, 943-950. doi:10.1051/0004-6361:20077142

Jess, D. B., Mathioudakis, M., Erdélyi, R., Crockett, P. J., Keenan, E. P,, and Christian,
D. J. (2009). Alfvén waves in the lower solar atmosphere. Science 323, 1582-1585.
doi:10.1126/science.1168680

Jess, D. B., Mathioudakis, M., Christian, D. J., Crockett, P. ]., and Keenan, E. P. (2010a). A
study of magnetic bright points in the NaI D, line. Astrophysical J. Lett. 719, 1L134-L139.
doi:10.1088/2041-8205/719/2/L134

Jess, D. B., Mathioudakis, M., Christian, D. J., Keenan, E. P, Ryans, R. S. 1., and Crockett,
P.J. (2010b). ROSA: a high-cadence, synchronized multi-camera solar imaging system.
Sol. Phys. 261, 363-373. doi:10.1007/s11207-009-9500-0

Jess, D. B., De Moortel, 1., Mathioudakis, M., Christian, D. J., Reardon, K. P, Keys, P.
H., et al. (2012a). The source of 3 minute magnetoacoustic oscillations in coronal fans.
Astrophysical J. 757, 160. doi:10.1088/0004-637X/757/2/160

frontiersin.org


https://doi.org/10.3389/fspas.2026.1826789
https://doi.org/10.1086/303818
https://doi.org/10.3847/1538-4357/addb49
https://doi.org/10.3847/1538-4357/ae1ba5
https://doi.org/10.1007/s11207-006-0103-8
https://doi.org/10.1086/500185
https://doi.org/10.3847/1538-4357/836/1/18
https://doi.org/10.3847/2041-8213/acba7d
https://doi.org/10.3847/1538-4357/ac34f7
https://doi.org/10.3847/1538-4357/ac34f7
https://doi.org/10.3847/1538-4357/ae25ec
https://doi.org/10.1117/12.926497
https://doi.org/10.1146/annurev.aa.22.090184.003113
https://doi.org/10.1142/S2251171722500143
https://doi.org/10.1051/0004-6361/201220542
https://doi.org/10.1086/170052
https://doi.org/10.1007/BF00196186
https://doi.org/10.1051/0004-6361:20010464
https://doi.org/10.1051/0004-6361/202038387
https://doi.org/10.1051/0004-6361/202038387
https://doi.org/10.1088/0004-637X/722/1/131
https://doi.org/10.1088/0004-637X/722/1/131
https://doi.org/10.3847/2041-8213/abb1a5
https://doi.org/10.1051/0004-6361/202039966
https://doi.org/10.1051/0004-6361/202452317
https://doi.org/10.1051/0004-6361/202452317
https://doi.org/10.1086/424996
https://doi.org/10.1364/AO.7.001053
https://doi.org/10.1098/rsta.2020.0172
https://doi.org/10.1007/BF00151771
https://doi.org/10.1038/s41567-018-0058-3
https://doi.org/10.3847/1538-4357/ac91ca
https://doi.org/10.1051/0004-6361/202348877
https://doi.org/10.1007/BF00155355
https://doi.org/10.1023/A:1004909030878
https://doi.org/10.3847/1538-4357/aab366
https://doi.org/10.3847/1538-4357/ab7a90
https://doi.org/10.3847/1538-4357/ab7a90
https://doi.org/10.1117/1.OE.58.8.082417
https://doi.org/10.1007/s11207-022-02062-w
https://doi.org/10.1051/0004-6361/201220089
https://doi.org/10.3847/1538-4365/229/1/10
https://doi.org/10.1051/0004-6361/202449685
https://doi.org/10.1038/s43586-025-00392-0
https://doi.org/10.1038/s43586-025-00392-0
https://doi.org/10.3389/fspas.2026.1843842
https://doi.org/10.1051/0004-6361:20077142
https://doi.org/10.1126/science.1168680
https://doi.org/10.1088/2041-8205/719/2/L134
https://doi.org/10.1007/s11207-009-9500-0
https://doi.org/10.1088/0004-637X/757/2/160
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Chambers et al.

Jess, D. B., Shelyag, S., Mathioudakis, M., Keys, P. H., Christian, D. J., and Keenan, F. P.
(2012b). Propagating wave phenomena detected in observations and simulations of the
lower solar atmosphere. Astrophysical J. 746, 183. doi:10.1088/0004-637X/746/2/183

Jess, D. B., Reznikova, V. E., Van Doorsselaere, T., Keys, P. H., and Mackay, D. H.
(2013). The influence of the magnetic field on running penumbral waves in the solar
chromosphere. Astrophysical J. 779, 168. doi:10.1088/0004-637X/779/2/168

Jess, D. B., Morton, R. J., Verth, G., Fedun, V., Grant, S. D. T,, and Giagkiozis, I. (2015).
Multiwavelength studies of MHD waves in the solar chromosphere. An overview of
recent results. Space Sci. Rev. 190, 103-161. doi:10.1007/s11214-015-0141-3

Jess, D. B., Van Doorsselaere, T., Verth, G., Fedun, V., Krishna Prasad, S., Erdélyi, R.,
etal. (2017). An inside look at sunspot oscillations with higher azimuthal wavenumbers.
Astrophysical J. 842, 59. doi:10.3847/1538-4357/aa73d6

Jess, D. B., Snow, B., Houston, S. J., Botha, G. J. ], Fleck, B., Krishna Prasad, S., et al.
(2020). A chromospheric resonance cavity in a sunspot mapped with seismology. Nat.
Astron. 4,220-227. doi:10.1038/s41550-019-0945-2

Jess, D. B., Keys, P. H., Stangalini, M., and Jafarzadeh, S. (2021a). High-resolution wave
dynamics in the lower solar atmosphere. Philosophical Trans. R. Soc. Lond. Ser. A 379,
20200169. doi:10.1098/rsta.2020.0169

Jess, D. B., Snow, B., Fleck, B., Stangalini, M., and Jafarzadeh, S. (2021b). Reply to:
signatures of sunspot oscillations and the case for chromospheric resonances. Nat.
Astron. 5,5-8. doi:10.1038/s41550-020-1158-4

Jess, D. B., Grant, S. D. T,, Bate, W, Liu, J., Jafarzadeh, S., Keys, P. H., et al. (2023a). The
fibre resolved OpticAl and near-ultraviolet czerny-turner imaging spectropolarimeter
(FRANCIS). Sol. Phys. 298, 146. doi:10.1007/s11207-023-02237-z

Jess, D. B., Jafarzadeh, S., Keys, P. H., Stangalini, M., Verth, G., and Grant, S. D.
T. (2023b). Waves in the lower solar atmosphere: the dawn of next-generation solar
telescopes. Living Rev. Sol. Phys. 20, 1. doi:10.1007/s41116-022-00035-6

Keys, P. H., Morton, R. ], Jess, D. B., Verth, G., Grant, S. D. T., Mathioudakis, M., et al.
(2018). Photospheric observations of surface and body modes in solar magnetic pores.
Astrophysical J. 857, 28. doi:10.3847/1538-4357/aab432

Khomenko, E., Centeno, R., Collados, M., and Trujillo Bueno, J. (2008). Channeling 5
minute photospheric oscillations into the solar outer atmosphere through small-scale
vertical magnetic flux tubes. Astrophysical J. Lett. 676, L85-188. doi:10.1086/587057

Kneer, E, Mattig, W,, and v. Uexkuell, M. (1981). The chromosphere above sunspot
umbrae. III - spatial and temporal variations of chromospheric lines. Astron. Astrophys.
102, 147-155.

Kobanov, N. 1. (2000). The properties of velocity oscillations in vicinities of sunspot
penumbra. Sol. Phys. 196, 129-135. doi:10.1023/A:1005201330825

Kobanov, N. I, and Makarchik, D. V. (2004). Propagating waves in the sunspot umbra
chromosphere. Astron. Astrophys. 424, 671-675. doi:10.1051/0004-6361:20035960

Kobanov, N. I, Chelpanov, A. A., and Kolobov, D. Y. (2013). Oscillations above
sunspots from the temperature minimum to the corona. Astron. Astrophys. 554, A146.
doi:10.1051/0004-6361/201220548

Kontogiannis, I, Tsiropoula, G., and Tziotziou, K. (2016). Wave propagation in a solar
quiet region and the influence of the magnetic canopy. Astron. Astrophys. 585, A110.
doi:10.1051/0004-6361/201527053

Krishna Prasad, S., Banerjee, D., and Van Doorsselaere, T. (2014). Frequency-dependent
damping in propagating slow magneto-acoustic waves. Astrophysical J. 789, 118.
doi:10.1088/0004-637X/789/2/118

Krishna Prasad, S., Jess, D. B., Van Doorsselaere, T., Verth, G., Morton, R. J., Fedun, V.,
et al. (2017). The frequency-dependent damping of slow magnetoacoustic waves in a
sunspot umbral atmosphere. Astrophysical J. 847, 5. d0i:10.3847/1538-4357/aa86b5

Krishna Prasad, S., Jess, D. B., and Van Doorsselaere, T. (2019). The temperature-
dependent damping of propagating slow magnetoacoustic waves. Front. Astronomy
Space Sci. 6, 57. doi:10.3389/fspas.2019.00057

Kuridze, D., Mathioudakis, M., Christian, D. J., Kowalski, A. E, Jess, D. B., Grant, S. D.
T, et al. (2016). Observations and simulations of the Na I D, line profiles in an M-class
solar flare. Astrophysical J. 832, 147. doi:10.3847/0004-637X/832/2/147

Lee, K.-S., Thompson, K. P, and Rolland, J. P. (2010). Broadband astigmatism-corrected
czerny-turner spectrometer. Opt. Express 18, 23378-23384. doi:10.1364/OE.18.023378

Leenaarts, J., Rutten, R. J., Reardon, K., Carlsson, M., and Hansteen, V. (2010). The quiet
solar atmosphere observed and simulated in Na I D,. Astrophysical J. 709, 1362-1373.
doi:10.1088/0004-637X/709/2/1362

Leighton, R. B. (1960). In Aerodynamic Phenomena in Stellar Atmospheres, R. N. Thomas
editor, vol. 12 of Italy: International Astronomical Union, 321-325.

Leighton, R. B., Noyes, R. W,, and Simon, G. W. (1962). Velocity fields in the solar
atmosphere. I. Preliminary report. Astrophysical J. 135, 474. doi:10.1086/147285

Lemen, J. R, Title, A. M., Akin, D. J., Boerner, P. E, Chou, C., Drake, J. F, et al. (2012).
The atmospheric imaging assembly (AIA) on the solar dynamics observatory (SDO).
Sol. Phys. 275, 17-40. doi:10.1007/s11207-011-9776-8

Lites, B. W,, and Chipman, E. G. (1979). The vertical propagation of waves in
the solar atmosphere. I. Observations of phase delay. Astrophysical J. 231, 570-588.
doi:10.1086/157219

Frontiers in Astronomy and Space Sciences

15

10.3389/fspas.2026.1826789

Lohner-Bottcher, J., Bello Gonzilez, N., and Schmidt, W. (2016). Magnetic field
reconstruction based on sunspot oscillations. Astron. Nachrichten 337, 1040-1044.
do0i:10.1002/asna.201612430

Loptien, B., Lagg, A., van Noort, M., and Solanki, S. K. (2018). Measuring the Wilson
depression of sunspots using the divergence-free condition of the magnetic field vector.
Astron. Astrophys. 619, A42. doi:10.1051/0004-6361/201833571

MacBride, C. D,, Jess, D. B., Khomenko, E., and Grant, S. D. T. (2022). Ambipolar
diffusion in the lower solar atmosphere: magnetohydrodynamic simulations of a
sunspot. Astrophysical J. 938, 154. doi:10.3847/1538-4357/ac94c3

Maltby, P, Avrett, E. H., Carlsson, M., Kjeldseth-Moe, O., Kurucz, R. L., and Loeser, R.
(1986). A new sunspot umbral model and its variation with the solar cycle. Astrophysical
J. 306, 284. doi:10.1086/164342

Marco, E., and Mattig, W. (1990). Penumbral oscillations in Na D lines. Astrophysics
Space Sci. 170, 43-45. doi:10.1007/BF00652642

Mariska, J. T. (1993). Books-received - the solar transition region. Science 261, 239.

Mattig, W., and Zerfass, M. (1991). Oscillations in sunspots near the solar limb. Astron.
Astrophys. 241, 212-218.

MclIntosh, S. W.,, and Jefferies, S. M. (2006). Observing the modification of the
Acoustic cutoff frequency by field inclination angle. Astrophysical J. Lett. 647, L77-L81.
doi:10.1086/507425

Moretti, P. E, Andretta, V., Cacciani, A., Hanslmeier, A., Messerotti, M., Otruba, W.,
et al. (2002). Simultaneous Ha and sodium observations at the Kanzelhohe Solar
Observatory. In Solspa 2001, Proceedings of the Second Solar Cycle and Space Weather
Euroconference, H. Sawaya-Lacoste editor, vol. 477 of Italy: European Space Agency,
147-150.

Morton, R. ], Erdélyi, R,, Jess, D. B., and Mathioudakis, M. (2011). Observations of
sausage modes in magnetic pores. Astrophysical J. Lett. 729, L18. doi:10.1088/2041-
8205/729/2/118

Morton, R. J., Tiwari, A. K., Van Doorsselaere, T., and McLaughlin, J. A. (2021). Weak
damping of propagating MHD kink waves in the quiescent Corona. Astrophysical J. 923,
225. doi:10.3847/1538-4357/ac324d

Miiller, D., St. Cyr, O. C., Zouganelis, I, Gilbert, H. R., Marsden, R., Nieves-Chinchilla,
T., etal. (2020). The solar orbiter mission. Science overview. Astron. Astrophys. 642, Al.
doi:10.1051/0004-6361/202038467

Nagashima, K., Sekii, T., Kosovichev, A. G., Shibahashi, H., Tsuneta, S., Ichimoto,
K., et al. (2007). Observations of sunspot oscillations in G band and Call H line
with solar optical telescope on hinode. Publ. Astronomical Soc. Jpn. 59, S631-5636.
doi:10.1093/pasj/59.sp3.5631

Pereira, T. M. D., and Uitenbroek, H. (2015). RH 1.5D: a massively parallel
code for multi-level radiative transfer with partial frequency redistribution and
Zeeman polarisation. Astron. Astrophys. 574, A3. doi:10.1051/0004-6361/201
424785

Pesnell, W. D., Thompson, B. ], and Chamberlin, P. C. (2012). The solar
dynamics observatory (SDO). Sol. Phys. 275, 3-15. do0i:10.1007/s11207-011-
9841-3

Priya, T. G., Wenda, C,, Jiangtao, S., Jie, C., Xinjie, M., Yuanyong, D., et al. (2018).
Observations of running penumbral waves emerging in a sunspot. Astrophysical J. 852,
15. doi:10.3847/1538-4357/aa9c47

Rajaguru, S. P, Sangeetha, C. R., and Tripathi, D. (2019). Magnetic fields and the supply
of low-frequency acoustic wave energy to the solar chromosphere. Astrophysical J. 871,
155. doi:10.3847/1538-4357/aaf883

Rawat, A., and Gupta, G. R. (2023). Exploring source region of 3-min slow
magnetoacoustic waves observed in coronal fan loops rooted in sunspot umbra. Mon.
Notices R. Astronomical Soc. 525, 4815-4831. doi:10.1093/mnras/stad2426

Reznikova, V. E., and Shibasaki, K. (2012). Spatial structure of sunspot oscillations
observed with SDO/AIA. Astrophysical J. 756, 35. doi:10.1088/0004-637X/756/1/35

Reznikova, V. E., Shibasaki, K., Sych, R. A., and Nakariakov, V. M. (2012). Three-
minute oscillations above sunspot umbra observed with the solar dynamics
observatory/atmospheric imaging assembly and Nobeyama radioheliograph.
Astrophysical ]. 746, 119. doi:10.1088/0004-637X/746/2/119

Rimmele, T. R. (2004). Recent advances in solar adaptive optics. In Advancements in
Adaptive Optics, D. Bonaccini Calia, B. L. Ellerbroek, and R. Ragazzoni editors, vol.
5490 of United States: SPIE, 34-46. doi:10.1117/12.551764

Rimmele, T. R., Warner, M., Keil, S. L., Goode, P. R., Knolker, M., Kuhn, J. R., et al.
(2020). The Daniel K. Inouye solar telescope - observatory overview. Sol. Phys. 295, 172.
doi:10.1007/s11207-020-01736-7

Roberts, B., and Webb, A. R. (1978). Vertical motions in an intense magnetic flux tube.
Sol. Phys. 56, 5-35. d0i:10.1007/BF00152630

Rosenthal, C. S., Bogdan, T. J., Carlsson, M., Dorch, S. B. E, Hansteen, V., McIntosh,
S. W, et al. (2002). Waves in the magnetized solar atmosphere. I. Basic processes and
internetwork oscillations. Astrophysical J. 564, 508-524. doi:10.1086/324214

Ruiz Cobo, B., Rodriguez Hidalgo, I, and Collados, M. (1997). Stratification with optical
depth of the 5 minute oscillation through the solar photosphere. Astrophysical J. 488,
462-472. doi:10.1086/304688

frontiersin.org


https://doi.org/10.3389/fspas.2026.1826789
https://doi.org/10.1088/0004-637X/746/2/183
https://doi.org/10.1088/0004-637X/779/2/168
https://doi.org/10.1007/s11214-015-0141-3
https://doi.org/10.3847/1538-4357/aa73d6
https://doi.org/10.1038/s41550-019-0945-2
https://doi.org/10.1098/rsta.2020.0169
https://doi.org/10.1038/s41550-020-1158-4
https://doi.org/10.1007/s11207-023-02237-z
https://doi.org/10.1007/s41116-022-00035-6
https://doi.org/10.3847/1538-4357/aab432
https://doi.org/10.1086/587057
https://doi.org/10.1023/A:1005201330825
https://doi.org/10.1051/0004-6361:20035960
https://doi.org/10.1051/0004-6361/201220548
https://doi.org/10.1051/0004-6361/201527053
https://doi.org/10.1088/0004-637X/789/2/118
https://doi.org/10.3847/1538-4357/aa86b5
https://doi.org/10.3389/fspas.2019.00057
https://doi.org/10.3847/0004-637X/832/2/147
https://doi.org/10.1364/OE.18.023378
https://doi.org/10.1088/0004-637X/709/2/1362
https://doi.org/10.1086/147285
https://doi.org/10.1007/s11207-011-9776-8
https://doi.org/10.1086/157219
https://doi.org/10.1002/asna.201612430
https://doi.org/10.1051/0004-6361/201833571
https://doi.org/10.3847/1538-4357/ac94c3
https://doi.org/10.1086/164342
https://doi.org/10.1007/BF00652642
https://doi.org/10.1086/507425
https://doi.org/10.1088/2041-8205/729/2/L18
https://doi.org/10.1088/2041-8205/729/2/L18
https://doi.org/10.3847/1538-4357/ac324d
https://doi.org/10.1051/0004-6361/202038467
https://doi.org/10.1093/pasj/59.sp3.S631
https://doi.org/10.1051/0004-6361/201424785
https://doi.org/10.1051/0004-6361/201424785
https://doi.org/10.1007/s11207-011-9841-3
https://doi.org/10.1007/s11207-011-9841-3
https://doi.org/10.3847/1538-4357/aa9c47
https://doi.org/10.3847/1538-4357/aaf883
https://doi.org/10.1093/mnras/stad2426
https://doi.org/10.1088/0004-637X/756/1/35
https://doi.org/10.1088/0004-637X/746/2/119
https://doi.org/10.1117/12.551764
https://doi.org/10.1007/s11207-020-01736-7
https://doi.org/10.1007/BF00152630
https://doi.org/10.1086/324214
https://doi.org/10.1086/304688
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Chambers et al.

Sanjay, Y., Krishna Prasad, S., and Rawat, P. S. (2025). Height-dependent slow
magnetoacoustic wave amplitude and energy flux in sunspot atmospheres. Astrophysical
J. 985, 256. d0i:10.3847/1538-4357/add336

Scharmer, G. (2017). “SST/CHROMIS: a new window to the solar chromosphere,” in
SOLARNET IV: The Physics of the Sun from the Interior to the Outer Atmosphere, 85.

Scharmer, G. B,, Bjelksjo, K., Korhonen, T. K., Lindberg, B., and Petterson, B. (2003).
The 1-meter Swedish solar telescope. In Innovative Telescopes and Instrumentation for
Solar Astrophysics, S. L. Keil, and S. V. Avakyan editors, vol. 4853 of United States: SPIE,
341-350. doi:10.1117/12.460377

Scharmer, G. B., Narayan, G., Hillberg, T, de la Cruz Rodriguez, J., Lofdahl,
M. G, Kiselman, D., et al. (2008). CRISP spectropolarimetric imaging of
penumbral fine structure. Astrophysical J. Lett. 689, L69-L72. doi:10.1086/
595744

Scherrer, P. H., Schou, J., Bush, R. I, Kosovichev, A. G., Bogart, R. S., Hoeksema, J.
T., et al. (2012). The helioseismic and magnetic imager (HMI) investigation for the
solar dynamics observatory (SDO). Sol. Phys. 275, 207-227. doi:10.1007/s11207-011-
9834-2

Schiavo, L. A. C. A., Gordovskyy, M., Browning, P. K., de Souza e Almeida Silva, S.,
Verth, G., Ballai, I, et al. (2024). Modeling the effects of a light bridge on properties of
magnetohydrodynamic waves in solar pores. Astrophysical J. 975, 45. doi:10.3847/1538-
4357/ad7958

Schmidt, W.,, von der Liihe, O., Volkmer, R., Denker, C., Solanki, S. K., Balthasar, H.,
etal. (2012). The 1.5 meter solar telescope GREGOR. Astron. Nachrichten 333, 796-809.
doi:10.1002/asna.201211725

Snow, B., Botha, G. J. J, and Régnier, S. (2015). Chromospheric seismology
above sunspot umbrae. Astron. Astrophys. 580, A107. doi:10.1051/0004-6361/201
526115

Solanki, S. K., Walther, U., and Livingston, W. (1993). Infrared lines as probes of solar
magnetic features. V1. The thermal-magnetic relation and Wilson depression of a simple
sunspot. Astron. Astrophys. 277, 639.

Solanki, S. K., Barthol, P, Danilovic, S., Feller, A., Gandorfer, A., Hirzberger, J., et al.
(2010). SUNRISE: instrument, mission, data, and first results. Astrophysical J. Lett. 723,
L127-L133. doi:10.1088/2041-8205/723/2/1.127

Spruit, H. C. (1982). Propagation speeds and acoustic damping of waves in magnetic
flux tubes. Sol. Phys. 75, 3-17. d0i:10.1007/BF00153456

Stangalini, M., Jafarzadeh, S., Ermolli, I, Erdélyi, R., Jess, D. B., Keys, P. H., et al. (2018).
Propagating spectropolarimetric disturbances in a large sunspot. Astrophysical J. 869,
110. doi:10.3847/1538-4357/aaec7b

Stangalini, M., Jess, D. B., Verth, G., Fedun, V., Fleck, B., Jafarzadeh, S., et al
(2021). A novel approach to identify resonant MHD wave modes in solar pores and
sunspot umbrae: b — w analysis. Astron. Astrophys. 649, A169. doi:10.1051/0004-
6361/202140429

Stangalini, M., Verth, G., Fedun, V., Aldhafeeri, A. A,, Jess, D. B,, Jafarzadeh, S., et al.
(2022). Large scale coherent magnetohydrodynamic oscillations in a sunspot. Nat.
Commun. 13, 479. doi:10.1038/s41467-022-28136-8

Stangalini, M., Verth, G., Fedun, V., Perrone, D., Berretti, M., Bushby, P, et al. (2025).
The dynamics of small-scale magnetic fields modulated by the solar cycle. Astron.
Astrophys. 695, L11. doi:10.1051/0004-6361/202453536

Frontiers in Astronomy and Space Sciences

16

10.3389/fspas.2026.1826789

Sych, R, and Yan, Y. (2025). Study of waveguides and resonant cavities over sunspot
volumes using multichannel solar dynamics observatory observations. Astrophysical J.
986, 180. doi:10.3847/1538-4357/adda48

Sych, R, Jess, D. B,, and Su, J. (2021). The dynamics of 3-min wavefronts and their
relation to sunspot magnetic fields. Philosophical Trans. R. Soc. Lond. Ser. A 379,
20200180. doi:10.1098/rsta.2020.0180

Sych, R., Zhu, X., Chen, Y., and Yan, E (2024). Spatial structure of resonance cavities in
sunspots. Mon. Notices R. Astronomical Soc. 529, 967-978. doi:10.1093/mnras/stae575

Toutain, T., and Froehlich, C. (1992). Characteristics of solar p-modes - results from the
IPHIR experiment. Astron. Astrophys. 257, 287-297.

Tu, H.-T,, Jiang, A.-Q,, Chen, J.-K., Lu, W.-]., Zang, K.-Y,, Tang, H.-Q,, et al. (2021).
A coma-free super-high resolution optical spectrometer using 44 high dispersion
sub-gratings. Sci. Rep. 11, 1093. doi:10.1038/541598-020-80307-z

Uitenbroek, H. (2001). Multilevel radiative transfer with partial frequency
redistribution. Astrophysical J. 557, 389-398. doi:10.1086/321659

Ulrich, R. K. (1970). The five-minute oscillations on the solar surface. Astrophysical J.
162, 993. doi:10.1086/150731

Utz, D., Hanslmeier, A., Muller, R., Veronig, A., Rybak, J., and Muthsam, H. (2010).
Dynamics of isolated magnetic bright points derived from Hinode/SOT G-band
observations. Astron. Astrophys. 511, A39. doi:10.1051/0004-6361/200913085

van Noort, M., Bischoff, J., Kramer, A., Solanki, S. K., and Kiselman, D. (2022).
A prototype of a microlensed hyperspectral imager for solar observations. Astron.
Astrophys. 668, A149. doi:10.1051/0004-6361/202243464

von Uexkuell, M. V., Kneer, E, and Mattig, W. (1983). The chromosphere above sunspot
umbrae. IV - frequency analysis of umbral oscillations. Astron. Astrophys. 123, 263-270.

Vorontsov, S. V., Jefferies, S. M., Duval, T. L., Jr, and Harvey, J. W. (1998).
Acoustic interferometry of the solar atmosphere: p-modes with frequencies near the
‘acoustic cut-oft’. Mon. Notices R. Astronomical Soc. 298, 464-470. doi:10.1046/j.1365-
8711.1998.01630.x

Wilson, A., and Maskelyne, N. (1774). “Observations on the solar spots. By Alexander
Wilson, M. D. Professor of practical astronomy in the University of Glasgow;
in Communicated by the Rev. Nevil Maskelyne, Astronomer Royal. Philosophical
Transactions of the Royal Society of London Series I, 64, 1-30.

Woger, E, von der Lihe, O., and Reardon, K. (2008). Speckle interferometry with
adaptive optics corrected solar data. Astron. Astrophys. 488, 375-381. d0i:10.1051/0004-
6361:200809894

Yuan, D., Sych, R, Reznikova, V. E., and Nakariakov, V. M. (2014). Multi-height
observations of magnetoacoustic cut-off frequency in a sunspot atmosphere. Astron.
Astrophys. 561, A19. doi:10.1051/0004-6361/201220208

Yuan, D,, Fu, L., Cao, W,, Kuzma, B., Geeraerts, M., Trelles Arjona, J. C., et al. (2023).

Transverse oscillations and an energy source in a strongly magnetized sunspot. Nat.
Astron. 7, 856-866. doi:10.1038/s41550-023-01973-3

Yurchyshyn, V., Kilcik, A., $ahin, S., Abramenko, V., and Lim, E.-K. (2020). Spatial
distribution of the origin of umbral waves in a sunspot umbra. Astrophysical J. 896, 150.
doi:10.3847/1538-4357/ab91b8

Zirin, H., and Stein, A. (1972). Observations of running penumbral waves. Astrophysical
J. Lett. 178, L85. doi:10.1086/181089

frontiersin.org


https://doi.org/10.3389/fspas.2026.1826789
https://doi.org/10.3847/1538-4357/add336
https://doi.org/10.1117/12.460377
https://doi.org/10.1086/595744
https://doi.org/10.1086/595744
https://doi.org/10.1007/s11207-011-9834-2
https://doi.org/10.1007/s11207-011-9834-2
https://doi.org/10.3847/1538-4357/ad7958
https://doi.org/10.3847/1538-4357/ad7958
https://doi.org/10.1002/asna.201211725
https://doi.org/10.1051/0004-6361/201526115
https://doi.org/10.1051/0004-6361/201526115
https://doi.org/10.1088/2041-8205/723/2/L127
https://doi.org/10.1007/BF00153456
https://doi.org/10.3847/1538-4357/aaec7b
https://doi.org/10.1051/0004-6361/202140429
https://doi.org/10.1051/0004-6361/202140429
https://doi.org/10.1038/s41467-022-28136-8
https://doi.org/10.1051/0004-6361/202453536
https://doi.org/10.3847/1538-4357/adda48
https://doi.org/10.1098/rsta.2020.0180
https://doi.org/10.1093/mnras/stae575
https://doi.org/10.1038/s41598-020-80307-z
https://doi.org/10.1086/321659
https://doi.org/10.1086/150731
https://doi.org/10.1051/0004-6361/200913085
https://doi.org/10.1051/0004-6361/202243464
https://doi.org/10.1046/j.1365-8711.1998.01630.x
https://doi.org/10.1046/j.1365-8711.1998.01630.x
https://doi.org/10.1051/0004-6361:200809894
https://doi.org/10.1051/0004-6361:200809894
https://doi.org/10.1051/0004-6361/201220208
https://doi.org/10.1038/s41550-023-01973-3
https://doi.org/10.3847/1538-4357/ab91b8
https://doi.org/10.1086/181089
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

	1 Introduction
	2 Observations
	3 Analysis and discussion
	3.1 Spectral line modeling
	3.2 Magnetic field extrapolations
	3.3 Time series analysis

	4 Concluding remarks
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	titrhcolReferences

