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Abstract

Optical aberrations and instrument resolution can affect the observed morphological properties of features in the
solar atmosphere. However, little work has been done to study the effects of spatial resolution on the dynamical
processes occurring in the Sun’s atmosphere. In this work, owing to the availability of high-resolution
observations of a magnetic pore captured with the Interferometric BIdimensional Spectrometer mounted at the
Dunn Solar Telescope, we studied the impact of the diffraction limit and the sampling of an instrument on line-of-
sight Doppler velocity oscillations. We reported a noticeable shift in the dominant frequency band from 5 to
3 mHz, as both the angular and detector resolutions of the instruments were degraded. We argue that the observed
behavior is a result of the increased contamination of straylight from neighboring quiet Sun regions, masking the
true behavior of umbral oscillations. These results suggest that the wave energy contributions reported in the
literature and based on low-resolution instrumentation may be fundamentally underestimated. As we move into
the era of high-resolution instrumentation such as DKIST and MUSE, this paper will offer a critical baseline for
interpreting new observations, especially in terms of distinguishing true dynamic behaviors from artifacts
introduced by instrument-related limitations.

Unified Astronomy Thesaurus concepts: Solar magnetic fields (1503); Solar oscillations (1515); Solar
photosphere (1518)

1. Introduction

When observing the Sun’s atmosphere through the lenses of
a telescope, we are generally constrained by limitations within
both the optical train and the sensor. These can introduce
instrumental artifacts, residual optical aberrations, and
increased straylight contamination, which may alter the
properties of the observed solar plasma and magnetic fields
(C. R. de Boer et al. 1992; H. Neckel & D. Labs 1994;
A. M. Title & T. E. Berger 1996; S. K. Mathew et al. 2007;
R. S. Schnerr & H. C. Spruit 2011). Critical factors defining
any astronomical observation include the instrument’s angular
resolution, the point-spread function (PSF), the detector
sampling (pixel size), and the observing wavelength. For
ground-based instruments, atmospheric seeing conditions must
also be considered, as they often limit effective resolution and
image stability. Furthermore, each instrument is developed
with its own unique optical system, making it challenging to
compare observations captured from different observatories.

Understanding how these effects impact observations of
solar plasma and magnetic fields is, therefore, critical for
interpreting physical models and reconciling multi-instrument
datasets. In S. Danilovic et al. (2008), the authors studied the
effects of spatial resolution and straylight on granulation
contrast by comparing HINODE/Solar Optical Telescope
(SOT; T. Kosugi et al. 2007) observations with 3D MHD

simulations. In their work, they showed that simulations, once
degraded as if they were observed by the telescope, are in
nearly perfect agreement with observations and provide a
benchmark for the effects of the optical system on the
observed solar granulation. Concerning the magnetic field, in
K. D. Leka & G. Barnes (2012), the authors degraded synthetic
data using four different methods: one method that degrades
the Stokes parameters and three methods that directly degrade
the images. They compared the results to HINODE/SOT
observations. The results showed that the degrading effects of
spatial resolution lead to increased magnetic field intensity,
lower total flux, and a field vector biased toward the line of
sight (LOS). Furthermore, in I. Milić et al. (2024), the authors
reported that even spatially averaged quantities, such as open
magnetic flux, are affected.
On the other hand, regarding the effects on the dynamical

processes in the solar atmosphere, in J. Hofmann &
F. L. Deubner (1995), the authors showed for the first time
the dependence of the observed amplitude of p-modes on the
spatial resolution of the instrument by convolving observations
captured with the Vacuum Tower Telescope at the Sacramento
Peak Observatory with a Gaussian PSF that has a progres-
sively larger FWHM. In H. Eklund et al. (2020), the authors
studied the impact of angular resolution on the observability of
small-scale dynamics in the solar chromosphere with the
Atacama Large Millimeter/submillimeter Array (ALMA).
Specifically, they used the 3D MHD simulation code Bifrost
to produce synthetic observables, which were then degraded to
the resolution of each of the configurations of ALMA,
studying the impact on their small-scale dynamics. They

The Astrophysical Journal, 997:197 (7pp), 2026 February 1 https://doi.org/10.3847/1538-4357/ae331b
© 2026. The Author(s). Published by the American Astronomical Society.

aaaaaaa

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1

https://orcid.org/0009-0007-2465-1931
https://orcid.org/0000-0002-5365-7546
https://orcid.org/0000-0002-9155-8039
https://orcid.org/0000-0002-7711-5397
https://orcid.org/0000-0001-5170-9747
https://orcid.org/0000-0002-9546-2368
https://orcid.org/0000-0002-0893-7346
https://orcid.org/0009-0003-6061-2404
https://orcid.org/0000-0002-2276-3733
mailto:michele.berretti@unitn.it
http://astrothesaurus.org/uat/1503
http://astrothesaurus.org/uat/1515
http://astrothesaurus.org/uat/1518
http://astrothesaurus.org/uat/1518
https://doi.org/10.3847/1538-4357/ae331b
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ae331b&domain=pdf&date_stamp=2026-01-23
https://creativecommons.org/licenses/by/4.0/


concluded by demonstrating the crucial role of spatial
resolution in observing small-scale dynamics, highlighting
the promising capabilities of ALMA for solar observations and
how simulations can aid observations by providing correction
factors. Furthermore, in N. Bello González et al. (2009, 2010),
the authors highlighted the importance of spatial resolution for
determining the energy flux of acoustic waves. They showed
that the total acoustic energy flux was more than twice as large
in the latter study, which benefited from higher spatial
resolution observations, despite analyzing the same atmo-
spheric heights and frequency range. Finally, D. B. Jess et al.
(2021) noted that for ground-based observatories, seeing
conditions can significantly hinder spectral energy at higher
frequencies. Given this observational challenge, D. B. Jess
et al. (2023) provided the first dedicated analysis of the effects
of spatial resolution on oscillations detected within magnetic
structures, establishing a correlation between the instrument’s
angular resolution and the measured spectral power at 3 and
5 mHz using SST/CRISP observations.

In this paper, for the first time, we promptly bring to the
attention of the community the combined impact of both angular
and detector resolutions, considering the famous case study of
the magnetic pore from 2008, observed with the Interferometric
BIdimensional Spectrometer (IBIS; F. Cavallini 2006), which
showed no power at 3 mHz and a dominant frequency of 5 mHz.
We progressively degraded the angular and detector resolutions
of the instrument and studied their effects on the power spectral
density of LOS velocity oscillations at two notable frequency
bands: the p-mode and the 5 mHz bands.

2. Dataset

The data used in this work were captured with IBIS
mounted at the Dunn Solar Telescope (DST; New Mexico,
USA) on 2008 October 15 at 16: 30 UTC. IBIS is a multi
Fabry–Perot interferometer designed to capture high-spatial-
resolution monochromatic images of the Sun’s atmosphere.
The target of this observation was a small magnetic pore with a
light bridge slightly off center at [25.2 N, 10.0 W] on the
solar disk.

The dataset includes a sequence of 80 full Stokes spectral
scans across the Fe I 617.3 nm photospheric absorption line,
with a temporal cadence of 52 s between successive scans. The
spatial sampling of the detector is 0 .08 per pixel, while the
angular resolution of the instrument is 0 .16. Furthermore, it is
equipped with an adaptive optics system to reduce the effects
of seeing conditions. The obtained spectropolarimetric images
were then subjected to a rigorous calibration process, for
which we refer the reader to K. P. Reardon & F. Cavallini
(2008), which included the deconvolution of the IBIS PSF.
Postcalibration, images were coregistered and destretched to
minimize residual seeing effects.

LOS Doppler velocity was estimated following the
procedure highlighted in R. Schlichenmaier & W. Schmidt
(2000), essentially tracking the minimum of the line profile as
in a Fourier tachometer. The LOS magnetic field and its
inclination angle (γ) maps were obtained using the SPINOR
inversion code (C. Frutiger et al. 2000).

3. Methods and Results

Both the Doppler velocity and LOS magnetic field maps
were degraded to emulate what a telescope with progressively

lower angular and detector resolutions would observe. To
degrade the angular resolution of the instrument, we defined a
synthetic PSF based on an Airy disk with a varying FWHM
depending on the resolution we wished to achieve. To simulate
lower detector resolutions, we binned the original pixels into
square blocks. The value of each new, larger pixel was
estimated considering the intensity-weighted average of the
values of the pixels it comprises. As a pixel gets larger, it
inherently collects more light, increasing the signal-to-noise
ratio, but the resulting magnetic field and Doppler velocity
values represent the mean physical properties of the area,
weighted by the intensity of the contributing structures. In
total, we degraded the angular and detector resolutions,
starting from the original IBIS values down to 5 .7 and
2 .4 pixel−1, respectively. This process resulted in a two-
dimensional parameter space representing various combina-
tions of the two spatial resolution parameters. In Figure 1
panels (a) through (f), the initial frame of the Blos data cube is
presented for six different points along the bisector of this two-
dimensional parameter plane.
For each pair of angular and detector resolutions, we selected

regions where Blos is above 75% of the 99th percentile. Within
these regions, we computed the periodogram of the LOS
velocity time series for each pixel and averaged it to create a
single mean power spectrum per region. To estimate the power
spectra of the LOS velocity time series, we followed the
procedure highlighted in C. Chatfield (2003), D. B. Jess et al.
(2023), and S. Jafarzadeh et al. (2025). We then normalized
each mean spectrum and linked the spatial resolution parameters
to the respective averaged power spectral densities in the
2.5–3.5 mHz and 4.5–5.5 mHz frequency bands.
In Figure 1 panel (g), we show the impact of degraded spatial

resolution on the two most frequently considered frequency
bands when dealing with waves and wave propagation in the
solar atmosphere: the photospheric p-modes/magnetoacoustic
waves, centered at 3 mHz, and the usually chromospheric one
centered at 5 mHz. Specifically, we show the power spectral
density of LOS velocity oscillations across the 2D resolution
parameter space for the 2.5–3.5 mHz and 4.5–5.5 mHz bands.
At the highest resolutions, power is concentrated in the 5 mHz
band. As the resolution decreases, however, this power transfers
significantly to the 3 mHz band. In Appendix B, we show the
power spectra sensitivity to a varying pixel scale while the
FWHM is held constant at two different values. Conversely, in
Appendix C we show the sensitivity to a varying FWHM while
the pixel scale is fixed at two values.
To place our results in the context of other existing and

well-established instruments, we degraded our IBIS dataset to
simulate observations from Helioseismic and Magnetic Imager
(HMI). This process involved convolving our data with the
appropriate PSF model, estimated in K. L. Yeo et al. (2014)
thanks to the transit of Venus, and resampling it to the pixel
size of the target instrument, which is equal to 0 .5 pixel−1. In
Figure 2, we show the difference between the original IBIS
power spectrum and the HMI-like degraded one. This
difference shows which frequencies dominate the observed
power spectra at a given set of resolution parameters.
Specifically, the power in the original IBIS spectrum is mostly
confined to the high-frequency regime, with dominant peaks
between 5 and 6 mHz. On the other hand, the HMI-like power
spectrum is dominated by power at 3 mHz.
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Finally, the effect of degraded resolution is evident in
the magnetic field inclination, γ. As shown in Figure 3, the
distribution of γ becomes progressively more uniform as the
resolution decreases. This loss of structural detail implies that
the magnetic features of the umbra are lost, blending their
properties with those of the neighboring quiet Sun. While this
blending can be easily foreseen as we degrade the spatial
resolution, we have quantitatively shown here how easily

instrumental limitations can bias the retrieved magnetic field
topology, serving as a warning against overinterpreting
magnetic field inclination values obtained from inversions of
unresolved structures.

4. Discussions

The generally accepted view when discussing waves in the
solar atmosphere, and specifically their frequencies, is that
p-modes dominate ubiquitously in the photosphere at 3 mHz
(E. Khomenko & M. Collados 2015; D. B. Jess et al. 2023),
with the same frequency then being injected into the magnetic
structures by a mechanism known as mode conversion
(H. C. Spruit & T. J. Bogdan 1992; S. D’Silva 1994). As we
move up, due to the action of an acoustic cutoff, this frequency
shifts from 3 to 5 mHz (T. Felipe et al. 2010, 2018). However,
in the last decade, a series of works have started to challenge
this interpretation.
In M. Stangalini et al. (2012), the authors reported the

peculiar case of a pore observed with IBIS at the DST,
showing, at a photospheric height, dominant power at 5 mHz
and little to no spectral power at 3 mHz. However, the authors
lacked the statistical consistency required to discern whether
the observed behavior was restricted to this case or represented
a more general pattern. In M. Stangalini et al. (2021), the
authors, using the same pore dataset again, showed that the
regions with the highest amount of spectral power at 5 mHz
were constrained within the magnetic structure, leaving the
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Figure 1. Analysis of the power spectral density in the spatial resolution parameter space. (a) Crop of the field of view (FoV) of IBIS centered on the magnetic pore
considered in this work at the original resolution. (b)–(f) Degraded versions of the FoV. The spatial resolution parameters are reported on top of every panel, with the
first one referring to the FWHM of the diffraction-limited PSF and the second one to the pixel scale. (g) 3D surface plots showing the spectral power in the 2–4 mHz
(blue) and 4–6 mHz (orange) frequency bands as a function of both pixel scale and FWHM. The color gradient on both curves is directly related to the mean power
and is only used to improve the visualization.
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nonmagnetized regions of the field of view (FoV) at 3 mHz, as
expected. In an effort to provide statistical consistency, in
M. Berretti et al. (2024), the authors studied the horizontal
velocity oscillations of more than 1,000,000 small-scale
magnetic structures in the photosphere. Despite the different
nature of the studied oscillations, they found a shared
dominant frequency of 5 mHz across all the differently shaped
and sized elements. This is a clear first indication of a common
driver that excites these oscillations, which led the same
authors to study the LOS velocity oscillations of nearly 1000
sunspots across one full solar cycle in M. Berretti et al. (2025),
where they found a closely packed series of peaks within 4
and 6 mHz.

Here, in an attempt to shed further light on the latest findings,
we studied the extent to which spatial resolution plays a role in
the ability to detect higher-frequency oscillations and introduces
observational artifacts. In Figure 2, we have shown that the
detected spectral power strongly depends on both the angular
and detector resolutions of the instrument, as a significant
decrease in the power spectral density in the 5–6mHz frequency
band is measured when the resolutions are progressively
degraded. Indeed, the broadening of the PSF causes the signal
from the highly magnetized and thus photon-starved regions of
the FoV to become increasingly contaminated by straylight
from the nearby quiet Sun. This interpretation is strengthened by
the magnetic field inclination distributions, which reveal a lower
contrast between the umbra of the pore and the nearby quiet
Sun, leading to a unified behavior across the whole FoV.
Furthermore, insufficient resolution prevents the detection of the
low-amplitude motions that result from the LOS velocity
oscillations. Indeed, if the displacement of the longitudinal
oscillation is smaller than the pixel scale, the motion becomes
spatially unresolved.

Moreover, we argue that the unphysical ridge observed at
0 .16 pixel−1 is not a physical structure but an artifact of
spatial resonance, occurring as the degraded pixel scale
matches the instrument’s true angular resolution. An additional
resonance effect is expected when the pixel size approaches
the diameter of the magnetic pore, causing another enhance-
ment in spectral power, followed by a sudden drop as the
pixels become larger. This effect is visible in Figure 4 of
Appendix A.

Despite the slightly different frame rates of the two
instruments, the impact of the degraded resolution is clear
from Figure 2. Apart from a much smaller peak at 4 mHz, none
of the higher-frequency features observed in the IBIS spectrum

survived in the HMI-like spectrum. Surprisingly, the peak at
3 mHz, which is the most prominent feature of the degraded
spectrum, is nonexistent in the original data, suggesting that
the 3 mHz oscillation is measured in regions of the FoV
outside the umbra of the pore, thus strengthening our
interpretation of the effects of spatial resolution and enhanced
straylight. Finally, the HMI-like power spectrum is similar to
observations of more than 600 sunspots with the actual HMI
instrument in M. Berretti et al. (2025), providing a reassuring
further check on our analysis.

5. Conclusions

In this paper, we have studied the effects that the angular
resolution and pixel size of an instrument may have on the
observed LOS velocity oscillations within a magnetic structure.
As a case study, we considered the magnetic pore observed with
IBIS in 2007, which has already been featured in a plethora of
other works and is known for showing no power at 3 mHz at
photospheric heights, but rather a dominant frequency of 5 mHz
more commonly associated with chromospheric heights. We
have shown a clear correlation between the observed power in
the two most commonly considered frequency bands (i.e., the 3
and 5mHz centered ones) and the spatial resolution of the
instrument, demonstrating how, at lower resolutions, higher
frequencies are effectively damped due to both the significantly
higher susceptibility to straylight and the instrument's inability
to resolve the amplitude of such oscillations. Our work stresses
the importance of accounting for the basic optical properties of
the instrument when studying the dynamical properties of
magnetic structures in the Sun’s atmosphere and their energy
budget. Indeed, estimations of the wave energy contribution in
magnetic structures, which are often based on low-resolution
data, might be underestimated and could require significant
reconsideration. Indeed, while it is well established that
magnetic structures host both 3 and 5 mHz oscillations, the
relative power between the two has never been robustly
established. Here, we wish to highlight the importance of
understanding the instrumental artifacts introduced by the
spatial resolution, which necessitates a careful assessment of
instrument capabilities when analyzing observed oscillations.
The immediate next step should involve a comprehensive
program of cross observations utilizing currently available solar
observatories.
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Appendix A
Sensitivity to Higher Pixel Scales

In our analysis, two self-sustained checks can be performed
to assess the robustness of our work. One, presented in the
main body, is the spatial resonance observed when the
degraded pixel scale matches the true angular resolution of
the instrument. A second check is instead at much higher pixel
sizes. Indeed, when the pixel is just about as big as the umbra
of the pore, we should see an enhancement at the frequencies
of the original power spectrum, followed by a sharp drop as
the pixels become larger than the magnetic structure itself. In
Figure 4, we show the results of this second check.
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Appendix B
Sensitivity to Pixel Scale at Fixed Angular Resolutions

In the left and right panels of Figure 5, we show how the
power spectra change as we degrade the pixel scale while
keeping the angular resolution fixed at 0 .19 and 1 .52,
respectively.

Appendix C
Sensitivity to Angular Resolution at Fixed Pixel Scales

In the left and right panels of Figure 6, we show how the
power spectra change as we degrade the angular resolution,
keeping the pixel scale fixed at 0.24 and 1.84 px arcsec–1,
respectively.
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