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ABSTRACT

Context. Umbral chromospheric observations show the presence of

magnetoacoustic shocks. Several recent studies have reported
magnetic field fluctuations associated with those shock waves. The mea—
ion.
Aims. We a here.

Methods. Temporal series of spectropolarimetric observations were acquired with the GREGOR telescope on 2017 June 18. The

chromospheric and photospheric conditions, including the temporal evolution of the magnetic field, were derived from simultaneous
inversions of the Her 10830 A triplet and the Sit 10827 A line using HAZEL?2 code. The oscillations are interpreted using wavelet

analysis and context information from UV observations acquired with the Atmospheric Imaging Assembly on board the Solar Dy-
namics Observatory (SDO/AIA) and the Interface Region Imaging Spectrograph (IRIS).

ing the shock fronts detected in the velocity fluctuations.

Results. The chromospheric magnetic field shows strong fluctuations in the sunspot umbra, with peak field strengths up to 2900
G. These inferred field strength is comparable to the magnetic field strength in the upper photosphere. Q*
dq with the magnetic field lagging ity i

This points to a common origin of the fluctuations in both parameters, whereas the analysis of the phase shift between photospheric
and chromospheric velocity is consistent with upwards wave propagation. Th

onts. The analysis of EUV data shows a weak brightening in a coronal loop rooted in the umbra
around the time of the measured magnetic field fluctuations. This coronal activity could possibly have some impact on the inferred

fluctuations, but it is not the main driver of the magnetic field oscillations since they are found before the EUV event takes place.
Conclusions. Chromospheric magnetic field fluctuations measured with the He1 10830 A triplet arise due to variations in the opacit

of the line. After
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1. Introduction

waves are a fundamental con-

stituent of the solar magnetized atmosphere

— 11982; Horn et al. [1997;

Mclntosh & Jefferied 2006; Tefferies et all 2006; IEdme_Qt_a]J
22010, 2011; Rajaguru et al. 2013; Khomenko & Collados 2015,
[Krishna Prasad et al! 2017; [Rajaguru et al! 2019; ISharma et al
2020). These waves arise when acoustic p-modes interact with
the surface magnetic field (Cally & Bogdan [1993) or can be
generated by in-situ magnetoconvection taking place in active
regions (Jacoutot et al! [2008; [Chae et al! [2017). They can then
propagate to the higher solar atmosphere through magnetic field
elements such as sunspots, plage, or magnetic bright points
(Bel & Leroy [1977). The detection and study of the properties
of these waves play an important role in understanding the
dynamics of the solar atmosphere and their contribution to the
heating of the outer layers. Most of the studies so far have
focused on Doppler and/or intensity fluctuations since they are

)
aQ
=
@
-
o
=
<
o
=
o
o
<
=
)
2
9}

* tobias@iac.es

relatively easy to measure and many of the wave modes leave
an imprint on these parameters.

Over the past years, observations have also revealed os-
cillations in the sunspot magnetic field. Photospheric anal-
yses have reported magnetlc fluctuations with various -
erties (Horn et all 1997; Rueedi et al. [1998; [Lites et al. ﬁ
Balthasat [1999%; Norton et all [1999; Bellot Rubio et all 2000;
Norton & Ulrich 2000; [Khomenko et al. 2003; Moretti et al)
2003; ILiu et all 2012; |Grifién-Marin et all 2020; Norton et al)
[2021;; Nelson et al![2021)), including a broad range in their am-
plitude (between a few Gauss and ~300 G) and period (from a
few minutes to several days). The origin of these oscillations is
still not well understood due to the lack of consistency among
different works. The situation is even more complex in the chro-
mosphere, where the assumption of local thermodynamic equi-
librium (LTE) is not valid, and magnetic field inferences rely
on sophisticated and computationally expensive inversions under
non-LTE (Socas-Navarro et al.l2013;/de la Cruz Rodriguez et all
2019).
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Despite these challenges, in recent years some works have
addressed the study of chromospheric magnetic field variations
associated with the shocks that arise due to the steepening of
magnetoacoustic waves in sunspots. These shocks usually man-
ifest as brightenings in the core of some chromospheric lines,
known as umbral flashes (Beckers & Tallant!1969). Independent
analyses of the same spectral line have revealed contradictory
results. The first attempt to measure magnetic field fluctuations
in the Can 8542 A line found no indications of oscillations in
the sunspot umbra, but detected oscillations with an amplitude
of ~200 G in the penumbra (de la Cruz Rodriguez et al. [2013).
Henriques et al! (2017) reported a weaker magnetic field during
umbral flashes, whereas Joshi & de la Cruz Rodriguez (2018)
found that the magnetic field can be up to ~270 G stronger in
umbral flashes. However, the analysis of synthetic Cam 8542 A
profiles, constructed by synthesizing this line in simulated atmo-
spheres, revealed that the degeneracy of the inversion problem
can lead to the inference of spurious magnetic field fluctuations
that are not present in the actual atmospheric model (Felipe et al.
2021)), suggesting caution with the interpretation of magnetic
field fluctuations inferred from the Cam 8542 A line.

In this study, we aim to investigate chromospheric magnetic
field oscillations using the He1 10830 A line. This line has been
previously employed to analyze magnetic field fluctuations by
Houston et all (2018), who reported changes in the transversal
magnetic field with amplitude up to ~200 G. The organization
of the paper is as follows: in Sect. [2] we describe the observa-
tions and the analysis methods, in Sect.[3] we present the results,
in Sect. [l we discuss our findings and, finally, results are sum-
marised in Sect.

2. Observations and Data Analysis
2.1. GREGOR/GRIS observations

HMI-Continuum
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Fig. 1. HMI continuum intensity map of the sunspot NOAA 12662
on 2017 June 09:15 UT. The approximate position of the GRIS slit is
shown by the black line in the HMI continuum intensity map.

We observed the sunspot NOAA 12662 on 2017 June 18 (lo-
cated near the disk center, 4 = 0.97, with u defined as the cosine
of the heliocentric angle) using the GREGOR Infrared Spectro-
graph (GRIS, [Collados et all 2012) attached to the GREGOR
telescope (Schmidt et all[2012). The spectral window covers a
region of approximately 18 A, including the He1 10830 A line

Article number, page 2 of 12

triplet and the neighboring Si1 10827 A line, among other spec-
tral lines. The full Stokes spectra were acquired with an exposure
time of 100 ms and ten accumulations. Standard polarimetric
calibration (Collados 11999, 2003) was applied to the observa-
tions, with the calibration data obtained from the GREGOR po-
larimetric calibration unit (Hofmann et al.[2012). Standard dark
and flat-field reductions were applied to the data. Data were ac-
quired between 08:02 and 09:37 UT by placing the spectrograph
slit at a fixed position crossing the middle of the sunspot. The
analysis presented in this work is restricted to a temporal series
of roughly 37 min (starting at 08:02 UT) with a temporal cadence
of 5.6 s (a total of 393 Stokes spectra). These data have been pre-
viously analyzed inFelipe et al. (2020a) and [Felipe (2021)).

Figure [I shows the continuum intensity taken from the
space-borne telescope Helioseismic and Magnetic Imager (HMI;
Scherrer et al/ 2012) on-board Solar Dynamics Observatory
(SDO; [Pesnell et al! 2012), including the approximate location
of the spectrograph’s slit. In this study, we will focus on the anal-
ysis of the sunspot umbra.

2.2. Spectropolarimetric inversions

We have used the HAnle and ZEeman Light v2.0[] (HAZEL2;
Asensio Ramos et al![2008) code to invert the He1 triplet, along
with the Si1 and telluric lines. The simultaneous inversion of
these two neighboring lines is carried out to account for their
wings due to their very close proximity to the Her triplet.
HAZEL?2 incorporates the effect of atomic level polarization
and Paschen-Back, Hanle and Zeeman effects for the He1
triplet. The simultaneous inversion of the Sir line is com-
puted with the Stokes Inversion based on Response functions
(SIR;Ruiz Cobo & del Toro Iniestal1992) code, whereas the tel-
luric line is fitted with a Voigt profile. Hence, the output from
HAZEL?2 inversions provides the atmospheric information from
both the photosphere (derived from the Sit 10827 A) and the
chromosphere (derived from the He1 10830 A).

The inversion is performed through an iterative process
where an initial guess atmosphere is perturbed until the output
radiation from the model matches the observed Stokes profiles.
In our Si1 10827 A inversions, we have used the hot sunspot
model from |Collados et al! (1994) as the initial guess atmo-
sphere. The above-mentioned perturbations are applied at some
selected optical depths, known as nodes. The process can be re-
peated several times (so-called cycles) with a different number
of nodes each, where the initial guess atmosphere from a cycle
is given by the output from the previous cycle. Table [Il shows
the inversion scheme employed in our analysis, that is, the num-
ber of nodes selected for each of the three cycles. In the case
of the Her triplet, HAZEL?2 inversions employ a cloud model
where the atmospheric parameters are constant in a slab above
the solar surface. Hence, in Table[la O indicates that the corre-
sponding atmospheric parameter is not inverted, while 1 means
it is inverted.

The Stokes profiles were fitted using a two-component
model for each pixel. One of the components corresponds to
the inferred atmosphere whereas the other accounts for the stray
light. The stray light represents a spurious light coming from
distant spatial locations that contaminates the signal measured
at a specific spatial position. This is due to the varying seeing

! The HAZEL2 code can be found in
https://github.com/aasensio/hazel2. The user manual with
detailed instructions for the usage of the code and precautions to be
taken can be found in https://aasensio.github.io/hazel2.
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conditions, diffraction effects, and the optical properties of the
telescope. We employed a constant stray-light profile for all lo-
cations and times in the temporal series. It was computed as a
spatio-temporal average of a quiet Sun region around the ob-
served sunspot. The inversions assume that the radiation ob-
served from a resolution element is produced by the joint contri-
bution of the solar atmosphere at that position and the spurious
stray light. The amount of stray light is variable (depends on the
location and time step) and is given by the filling factor, a free
parameter that is also inverted. Figure [2l shows a comparison
between the observed and inverted profiles at a randomly cho-
sen time and umbral location. The inversion provides a good fit
of the observed Stokes I and V profiles for both spectral lines.
Independent inversions were also carried out without accounting
for the stray-light correction. They exhibit significant quantita-
tive differences (for example, in the magnetic field strength), but
the qualitative results are similar.

Table 1. Inversion scheme for the photosphere (Si1 10827 A) and chro-
mosphere (Her 10830 A). The table defines the number of nodes se-
lected for temperature (T), magnetic field (B,, By, and B.), line of sight
(LOS) velocity (v), microturbulence (v, ), enhancement factor (8), and
optical depth of the slab (7).

Parameter Cycle

1 2 3

Photosphere Si1 10827

T 3 4 5

\% 1 2 4

B, 1 2 3

B, 12 3

B. 1 2 3

Viic 1 2 2
Chromosphere He 1 10830

v 1 1 1

B, 0 1 1

B, 0 1 1

B, 0 1 1

B 0 1 1

T 1 1 1
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Fig. 2. Observed (red dots) and inverted (black lines) Stokes I (top
panel) and V (bottom panel) profiles at a randomly chosen time and
umbral location for Sir 10827 A (left panels) and Hert 10830 A (right
panels).

2.3. SDO/AIA observations

The interpretation of the results is supported by data from the At-
mospheric Imaging Assembly (AIA [Lemen et al![2012) instru-
ment onboard SDO. AIA acquires observations of the full solar
Qisk in seven extreme gltraviolet (PEUV) bands (94 A, 131 A, 171
A, 193A, 211 A, 304 A, and 335 A) with a temporal cadence of
12 s, in addition to two ultraviolet wavelengths (1600 and 1700
A) with a cadence of 24 s. The EUV wavelengths effectively
respond to temperatures from 1033 to 1073 K (O’Dwyer et al.
2010), whereas the UV emission is dominated by contributions
from the lower solar atmosphere. The data has a spatial scale
of 0.6”pixel™!. We use level 1.0 data co-temporal to the GRE-
GOR/GRIS observations.

2.4. IRIS observations

We have also examined observations from the Interface Region
Imaging Spectrograph (IRIS; [De Pontieu et al. 2014) as con-
text images of the chromosphere and transition region. Between
07:55:56 and 08:14:02 UT (partially overlapping our GREGOR
observations), IRIS was acquiring a raster map of the same ac-
tive region. We are interested in the slit-jaw images. They were
taken in filters in the near-ultraviolet (NUV; 2830 A and 2796
A) and far-ultraviolet (FUV; 1330 A and 1400 A) with a tem-
poral cadence of 68 s, for a total of 16 images per filter. These
slit-jaw filters mostly sample the upper photosphere (2830 A),
chromosphere (2796 A), upper chromosphere (1330 A), and low
transition region (1400 10\).

3. Results
3.1. Chromospheric velocity and magnetic field fluctuations

Figure [ illustrates the inverted maps of chromospheric LOS
magnetic field and velocity derived from HAZEL2. As expected,
stronger magnetic fields are found in the umbra, especially in the
umbral region seen darker in continuum intensity (Fig. [, where
the LOS magnetic field periodically fluctuates in the range 1900-
2900 G. Other umbral locations exhibit a weaker magnetic field,
with a typical strength around 1600 G.

The velocity signal shows the well-known umbral chromo-
spheric oscillations in the three-minute band. Clear indications
of shocks are also found, with sudden changes from red (down-
flows) to blue (upflows). In the penumbral regions, the pattern
of running penumbral waves is clearly seen as wavefronts that
reach farther radial distances as time increases. Interestingly,
the phase of the wavefronts exhibits coherence in the dark um-
bra (and towards the right-hand side penumbra), but a marked
change in the phase is found at x ~ 29 — 30", the approximate
location of the innermost umbral dot. This may indicate some
differences in the excitation of the waves in both regions (mag-
netoconvection taking place in umbral dots and light bridges has
been suggested as the driver of the three-minute chromospheric
oscillations [Chae et al.2017) or differences in the travel time of
the waves along the magnetic field lines.

Figures ] and [ show the temporal evolution of the LOS
magnetic field and velocity at two different locations of the
sunspot umbra. The maximum amplitude of velocity oscillations
is around 10 kms™!. This high amplitude, comparable to the local
sound speed, leads to the development of chromospheric shocks,
which are seen as a progressive rise in the velocity evolution
followed by a steeper fall after reaching the maximum ampli-
tude. These sudden velocity changes, characteristic of the shock,

Article number, page 3 of 12
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Fig. 3. Temporal evolution of the chromospheric magnetic field (top panel) and LOS velocity (bottom panel) along the spectrograph slit, as
inferred from the inversions of Her triplet. Horizontal dotted lines indicate the umbra-penumbra boundaries. Horizontal dashed lines mark the

spatial locations illustrated in Figs.dland[3l

are generally accompanied by peaks in the LOS magnetic field.
In the umbra, the background magnetic field is around 2000 G.
Magnetic field enhancements up to 900 G above that background
field strength are found to lag the velocity signal. The stronger
magnetic field excursions found in Fig. [ take place after the
stronger velocity shocks (around 08:20 UT), but smaller peaks
with more modest magnetic field strength increments of ~300-
500 G are measured during the whole temporal series. Strong
magnetic field excursions are not always associated with the
highest velocity amplitudes. For example, at around 08:06 UT
in Fig. [5l a magnetic field peak of 2700 G is found during a ve-
locity shock with 5 kms™' amplitude.

3.2. He1 10830 A spectral profiles during magnetic field
excursions

Figure 6] illustrates the temporal evolution of Her 10830 A
Stokes I and V profiles during the development of one of the
largest magnetic field fluctuations in the sunspot umbra. The first
illustrated time step is just before a shock. The line exhibits a
large Doppler shift to the red (vpos=8.39 km s™1), but the mag-
netic field is still at the quiescent stage, with a strength around
1900 G. The second and third time steps (two middle rows) cap-
ture the development of the shock (see Fig. [). Between these
times the Doppler velocity changes from 7.82 km s~! to -7.67
km s~ over a temporal span of 22.4 s, while the LOS magnetic
field strength shows a striking enhancement. During this shock,
the absorption depth of the line is greatly reduced, but no emis-
sion is found in He1 10830 A intensity. At the last time step, the
line is again in the quiescent state, where the probed magnetic
field strength has returned to the background values in the range
1900-2000 G.
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3.3. UV data analysis

The magnetic field strength measured during the peaks is much
higher than that inferred with the Her 10830 A triplet in other
sunspots (e.g., 2017). In contrast, strong magnetic
fields have been measured with the Her 10830 A (Schad et all
[2021) and the Her D3 (Libbrecht et all 2019) lines after ener-
getic events taking place at higher coronal layers. To extend our
study to the transition region and corona and support the inter-
pretation of the results, we have employed EUV images acquired
with SDO/AIA and NUV and FUV data from IRIS.

A visual inspection of the EUV data prior to and during
the GREGOR temporal series employed in this study revealed
a brightening in one of the coronal loops rooted to the sunspot
umbra. Figure [7] shows maps of SDO/AIA data at three selected
filters and several times during this brightening. Coronal loops
(especially visible in 171 A) are only present on one side of
the sunspot. The brightening, visible in the three filters but more
clearly in 304 A, develops in the loop marked by a blue-dotted
line during those time steps. The temporal evolution of the EUV
intensity along this loop is illustrated in Fig.[8l At around 08:10
UT, some brightness increase is detected at s = 20", where s
is the distance measured along the loop. The intensity peak is
reached 4-5 min later. During all the event, the brightening is re-
stricted to the same region around s = 20”. The temporal evolu-
tion of the average signal in the brightening region (white square
in Fig.[@) is shown in Fig. [0l All the filters exhibit a progressive
increase in intensity between 08:10 and 08:13 UT, followed by
a sudden intensity enhancement. Later, the EUV emission in the
brightening region returns to approximately the same values it
has before the event. The beginning of this brightening is also
visible in the IRIS slit-jaws images at 2796 A, 1330 A, and 1400
A. However, we do not discuss it in depth since the finish time of
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Fig. 4. Temporal evolution of LOS velocity (top panel) and magnetic field (bottom panel) fluctuations inferred from the inversions of the Her
10830 A line in the umbral location indicated by the bottom dashed line from Fig.[3 Magnetic field fluctuations have been smoothed by averaging
in three time steps windows. Vertical dotted lines indicate the temporal steps illustrated in Fig.
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Fig. 5. Same as Figure Qlbut for the location indicated by the top dashed line from Fig.[3l

IRIS observations (08:14 UT) before the peak of the event does
not allow a comprehensive study.

At the sunspot umbra, no significant changes in the EUV in-
tensity are found. We also do not find enhanced emission in IRIS
slit-jaws at 1330 A and 1400 A. Only the 2796 A filter often ex-
hibits clear emission from umbral flashes (Tian et al.[2014). The
examination of the umbra in NUV, FUV, and EUV shows no
indications that the inferred magnetic field fluctuations are asso-
ciated with energetic events taking place at the transition region
or corona.

3.4. Wavelet analysis

To further explore the oscillatory nature of the velocity and
magnetic field fluctuations, we have performed a wavelet anal-
ysis (Torrence & Compa [1998) of both variables. The wavelet
transform (WT) decomposes a time series into time and fre-
quency domains, allowing the determination of the dominant
modes and their temporal evolution. Wavelet analysis can also
be employed to compute the wavelet cross spectrum (WCS)
between two time series. This quantity exhibits a large value
when both signals have large power at similar frequencies and
around the same time and, more interesting, it can be used to de-

rive the phase difference as a function of time and frequency.
Wavelet analysis is a common approach for the study of os-
cillations in the solar atmosphere (e.g., Bloomfield et al! [2004;
Lohner-Bottcher & Bello Gonzalez 2015; |Guevara Gémez et al.
2021).

Figure [10| shows the wavelet power of the photospheric and
chromospheric velocities and the power of the WCS between
both signals for one umbral location. The photospheric and chro-
mospheric velocity power are consistent with the results from
many previous studies of umbral oscillations. Photospheric ve-
locity oscillations are dominated by fluctuations in the 5-minute
band (3-4 mHz), whereas at the chromosphere the main power
is shifted to the 3-minute band (with a peak at around 6-7 mHz
in this dataset). The power also exhibits some variations during
the temporal series. As expected, higher chromospheric power is
found during the time steps where the amplitude of the chro-
mospheric oscillations is higher. Interestingly, at those times
(08:15-08:25 UT) there is also a photospheric power increase
in the 3-minute band (around 6 mHz). This photospheric power
is possibly the predecessor for the chromospheric counterpart
(Centeno et al!2006).

The phase angle of the WCS provides the phase difference
between the two signals employed for its computation. This is
equivalent to computing the phase of the Fourier cross spectra,

Article number, page 5 of 12
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Fig. 6. Observed (red dots) and inverted (black lines) Stokes I (left pan-
els) and V (right panels) profiles of the Her 10830 A line during the
development of a large amplitude magnetic field fluctuation. Each row
corresponds to a different time step (indicated by vertical dotted lines in
Fig.[), with time increasing from top to bottom.

but the use of wavelets allows the evaluation of the changes in
the phase difference with time. In the following, only the infor-
mation from spectral regions inside the cone of influence (dis-
carding those parts where the edge effects are relevant) and with
a confidence level in the WCS above 95% are considered for the
interpretation of the results. We have computed the phase an-
gle for all the locations belonging to the dark part of the umbra
(20 spatial positions, excluding the umbral region where umbral
dots are abundant). Figures [[1] and [[2] illustrate the measured
phase difference and coherence (as a function of frequency) be-
tween the photospheric and chromospheric velocities for two se-
lected times. Each circle in the top panels represents the phase
difference at one umbral position at a given frequency. A pos-
itive phase shift indicates that the chromospheric velocity lags
the photospheric velocity. The bottom panels show the coherence
spectra. They indicate the statistical significance of the phase dif-
ference between two signals, according to the phases measured
for a certain number of pairs of signals (in our case, 20 pairs). In
addition to the confidence level of the WCS, we also employ co-
herence as an index to validate the phase results. We consider the
measured phase differences to be relevant when the coherence is
above 0.7 (horizontal black dashed lines in bottom panels from

Figs. [Tl and [12)).

Figure[ITlshows the phase difference spectra between photo-
spheric and chromospheric velocities at 08:13 UT, that is, just
before the sudden brightening in the EUV emission (Fig. [0
and before a strong vertical magnetic field is inferred from the
He1 10830 A triplet (Fig. ). The phase shift of frequencies be-
low ~3.5 mHz is not reliable since both the confidence and co-
herence are low. Above that frequency, the phase shift progres-
sively increases, which is a clear indication of the presence of
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upward wave propagation between the two layers probed by the
Si1 10827 A and He1 10830 A lines.

After the EUV brightening (~ 08:20 UT), the phase spectrum
between photospheric and chromospheric velocities exhibits a
similar behavior (Fig.[I2)), that is, the phase difference increases
with the frequency. However, at this time step, the slope of the
increment is lower. This indicates a lower phase shift between
the velocity in both layers and points to some differences in the
probed oscillations. To illustrate these differences, we have fitted
the phase shift to a model of linear wave propagation in a gravi-
tationally stratified isothermal atmosphere with radiative losses,
following |(Centeno et al/ (2006). The model has three parame-
ters: temperature (7o), height difference between both signals
(Az), and the radiative cooling time (7g). For the temperature,
we selected the average umbral temperature inferred from the
inversion of the Si1 10827 A line (Ty = 4160 K). The other two
parameters were obtained from a manual fit of the phase differ-
ence to the model. We found that the phase spectrum prior to
the peak of the EUV brightening is better explained by a model
with Az = 900 km, in close agreement with|Centeno et al! (2006)
and|Felipe et al! (2010). In contrast, a few minutes after the EUV
brightening, the phase spectrum is best fitted with a model with
Az =450 km.

Figure [[3] illustrates the wavelet analysis of the WCS and
the phase spectra between the LOS velocity and LOS magnetic
field measured at the chromosphere from the inversion of the
Her 10830 A line. A highly significant (above the 95% confi-
dence level and total coherence) phase delay of 133° + 28° is
measured, with the magnetic field lagging the velocity. This is
consistent with the velocity and magnetic field fluctuations illus-
trated in Figs. @ and[3]

4. Discussion
4.1. Magnetic field fluctuations and opacity effect

The interpretation of the large LOS magnetic field fluctuations
measured in our observations poses a compelling challenge. In
the umbra, the LOS magnetic field increases from ~2000 G to
more than 2900 G (Fig. ), possibly the strongest magnetic field
strength ever measured with the He1 10830 A line. Other inde-
pendent inversions of the He1 10830 A line in sunspots (analyz-
ing raster maps instead of temporal series with short scanning
cadence) have inferred magnetic field strengths around 1500
G (Joshi et al)2017; ILindner et al. [2023). This strong magnetic
field is hard to be understood as a manifestation of the actual
chromospheric magnetic field. Instead, we hypothesize that these
large fluctuations in the magnetic field are produced by remark-
able changes in the response height of the He1 10830 A triplet to
the magnetic field.

We have evaluated the vertical magnetic field gradient in our
observations by comparing the photospheric and chromospheric
magnetic fields. The photospheric magnetic field at log7 = -2 is
inferred from the Si1 10827 A line, whereas the chromospheric
field is derived from the Her 10830 A triplet. Figure [14] shows
the variation of the magnetic field at both atmospheric layers as
a function of the position along the slit. For each spatial position,
the median of the complete temporal series has been computed.
As expected, the magnetic field strength decreases with height.
The umbral magnetic field strength in the photosphere is higher
by a factor of 1.1-1.4 compared to the chromosphere. This fac-
tor is slightly lower than that measured by Joshi et al! (2017),
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Fig. 7. EUV observations of the sunspot. Each column corresponds to a different AIA filter (from left to right: 171 A, 193 A, and 304 A). Rows
represent different times, with the time indicated at the left-hand side. Black/white lines illustrate the umbra and penumbra boundaries as selected
from contours of constant intensity in AIA 1700 A. The blue-dotted line traces the coronal loop illustrated in Fig.[8] The white square delimits the

region used for the average plotted in Fig.

but consistent since our estimation of the photospheric magnetic
field corresponds to a higher photospheric layer.

Figure [1J] illustrates the correlation between the amplitude
of the He1 10830 A magnetic field fluctuations (6 By os[ch]) and
the magnetic field gradient between the photosphere and chro-
mosphere (AByros[ph-ch]). In this diagram, each red dot repre-
sents a location in the umbra. ABjps[ph-ch] was computed as
the difference between the two median magnetic fields shown in
Fig. [[4 The following procedure was carried out to determine
0B1 os[ch]: (i) the He1 10830 A magnetic field temporal series at
the selected location was smoothed by averaging in 7 time-steps
windows (~39 seconds), (ii) the time steps of all the maximums
(minimums) were estimated by selecting those steps whose field
strength is higher (lower) than the two adjacent times, (iii) all
the maximums (minimums) with a magnetic field strength above
(below) the 90% (10%) percentile were averaged, and (iv) the
difference between the averaged maximum and minimum was

computed. Step (iii) was performed to discard local maximums
(minimums) that are not representative of magnetic field peaks
(valleys).

A positive correlation between magnetic field fluctuations
measured in Her 10830 A and the photosphere-chromosphere
gradient is found at those places where ABpos[ph-ch]> 500
G. The strongest magnetic field fluctuations measured in He1
10830 A are found at those locations where the photospheric
magnetic field is much higher than the chromospheric field. This
result strongly supports the interpretation of the Her 10830 A
magnetic field oscillations as changes in the response height of
the line, at least for the strongest magnetic field peaks. At um-
bral locations with lower AByos[ph-ch] no clear correlation is
found in Fig.[13l The dispersion in the results is expected. First,
the amplitude of the measured magnetic field fluctuations will
depend on the magnitude of the excursions in the response of
the line and, thus, ABy os[ph-ch] does not fully characterize the
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amplitude of the oscillations. Second, we are evaluating the fluc-
tuations in the magnetic field along the LOS. Variations due to
changes in the orientation of the magnetic field are also expected
to coexist with the opacity effect. All in all, we consider the rela-
tionship between 0By os[ch] and ABy os[ph-ch] to be highly sig-
nificant and a strong support of the opacity effect as the main
effect behind the He1 10830 A magnetic field fluctuations.
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Fig. 10. Wavelet power of the velocity at a randomly chosen umbral
location. Top panel: wavelet power of the photospheric velocity de-
rived from the Sir 10827 A line. Middle panel: wavelet power of the
chromospheric velocity derived from the Her 10830 A line. Bottom
panel: Power of the wavelet cross spectrum between the photospheric
and chromospheric velocities. The gridded region indicates the parts of
the spectra out of the cone of influence. Black solid lines mark the 95%
confidence level. Vertical blue-dashed lines in the bottom panel indicate
the times illustrated in Figs.[I1land

4.2. Origin of the magnetic field fluctuations

The large value of the magnetic field fluctuations inferred with
the He1 10830 A (e. g., Fig.[)) and their dependence on the under-
neath magnetic field (Fig. suggest that the He 1 triplet probes
the magnetic field of the high photosphere during shocks. In this
section, we discuss the origin of those shocks that can produce
such a large displacement in the height response of the line.
Previous studies have reported strong magnetic fields in-
ferred with neutral helium in active regions associated with en-
ergetic events. [Schad et al! (2021) reported LOS magnetic fields




Felipe et al.: Magnetic field Fluctuations in Het 10830 A

A® (rad)

Coherence
o o '
()]
e e S

0 2 4 6 8 10 12 14
Freq. (mHz)

Fig. 11. Wavelet phase difference between the photospheric and chro-
mospheric umbral velocities around 08:13 UT. Top panel: Phase differ-
ence at every location in the selected region. The power of the WCS of
frequencies higher than that indicated by the vertical dotted line is above
the 95% confidence level. The blue line represents the expected phase
difference for linear wave propagation in a gravitationally stratified at-
mosphere with radiative losses (T = 4160 K, Az=900 km, 1r=20).
Bottom panel: Coherence of the phase difference. The phase difference
where the confidence is below 95% (frequencies below the vertical dot-
ted line in the top panel) and with coherence below the threshold (hori-
zontal dashed line in the bottom panel) are unreliable.
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Fig. 12. Same as Fig.[[T]but at around 08:20 UT. The parameters of the
theoretical model illustrated by the blue line are 7y = 4160 K, Az=450
km, and Tg=10.

up to 2400 G in He1 10830 A after a supersonic coronal down-
flow impacting the lower umbral atmosphere. Using observa-
tions of the He1 Ds, [Libbrecht et al! (2019) inferred a 2500 G
magnetic field in a flare footpoints. |Anan et al! (2018) also ob-
served a remarkable magnetic field increase in He1 10830 A dur-
ing a flare. All these works suggested that neutral helium lines
form at deeper layers during the analyzed events.

Here, our observations reveal similar enhancements in the
magnetic field strength but also notable differences. The more
relevant is that our data exhibit no trace of He1 10830 A in emis-
sion. None of the large magnetic field fluctuations we have re-
ported are associated with emission profiles. Also, we do not find
enhanced emission in any of the AIA channels at the umbral lo-
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Fig. 13. Wavelet analysis of velocity and magnetic field fluctuations
measured with the He 10830 A triplet. Top panel: Power of the wavelet
cross spectrum between the velocity and magnetic field fluctuations.
The gridded region indicates the parts of the spectra out of the cone of
influence. Black solid lines mark the 95% confidence level. The verti-
cal blue-dashed line indicates the time illustrated in the spectra from
middle and bottom panels. Middle panel: Wavelet phase difference be-
tween the velocity and magnetic field fluctuations in the umbra at 08:20
UT. Vertical dotted lines delimit the region with the power of the WCS
above the 95% confidence level. Bottom panel: Coherence of the phase
difference. The horizontal dashed lines indicates the 0.7 threshold.

cations where strong magnetic fields take place, as opposed to
Schad et all (2021)) and [Libbrecht et al! (2019). Our examination
of the AIA EUV channels revealed a brightening in one of the
coronal loops that is anchored to the umbra. Although this event
could potentially be related to some of the measured magnetic
field peaks, we note that strong magnetic fields, up to 2800 G,
are also inferred before that brightening takes place (compare
Figs.[Bland [B)).

The chromospheric umbral velocity measured in our ob-
servations is undoubtedly the signature of slow magne-
toacoustic waves, as previously reported by many authors
(e.g., [Centeno et all 2006; [Felipe et al. 2010; Jess et al. 2012;
Krishna Prasad et all[2015) and proved by the inferred upward
propagation of longitudinal waves (Figs. [[1] and [[2)). The de-
tected magnetic field fluctuations exhibit a strong coherence with
the velocity oscillations (Fig. [13)), pointing to a common origin
of both signals. Thus, we conclude that the changes in the for-
mation of the He1 10830 A produced by slow magnetoacoustic
wave shocks are the origin of the magnetic field enhancements.

The Her 10830 A opacity is determined by the photonion-
isation rate in the Her ground state continuum and the chro-
mospheric electron density (e.g., [Zirin [1973; |Avrett et all[1994;
Centeno et al/[2008; [Leenaarts et al. [2016). The former is given
by coronal and transition region irradiation, which we assume
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Fig. 15. Amplitude of the fluctuations in the LOS magnetic field plotted
as a function of the variation between the photospheric and chromo-
spheric magnetic field. Each dot represents an umbral location.

does not change significantly during the analyzed process since
we do not observe intensity enhancements in AIA or IRIS ob-
servations. We speculate that fluctuations in the chromospheric
electron density are the main contribution of sunspot oscilla-
tions to changes in the Her 10830 A opacity, which manifests
as fluctuations in the inferred magnetic field. These changes in
the opacity shift the response of the line even to high photo-
spheric layers, where the population of triplet state helium is low
(Centeno et al. 2008). The strong downflows from the shocks,
combined with the longer relaxation timescales for recombina-
tion from Hen in a nonequilibrium state (Golding et all2014),
may populate the helium triplet state in those low atmospheric
layers, as suggested by Schad et all (2021)).

Article number, page 10 of 12

The impact of the downflowing material coming from the
brightening event identified in EUV data could potentially mod-
ify the measured oscillations. For example, we have detected
some differences in the phase shift between the velocity oscil-
lations inferred from the He1 10830 A and the Sir 10827 A
lines (compare Figs. [Tland[I2). After the brightening, the phase
shift can be fitted with a theoretical model of wave propagation
with a lower height difference between the atmospheric height of
both signals. However, this fitting must be interpreted with care.
The model assumes linear wave propagation, but recent findings
indicate that umbral chromospheric oscillations are not propa-
gating but are stationary instead (Jess et al) [202(0; [Felipe et al.
2020b). The estimated height difference should be interpreted
as the height difference between the formation height of the Sit
10827 A line and the atmospheric layer where stationary umbral
oscillations start, since above that layer the phase of the wave is
constant. Also, the formation height of the lines fluctuates. These
changes can be striking in the case of the He1 10830 A triplet,
as proven by our examination of the magnetic field fluctuations.
The atmospheric layers where the triplet is sensitive change at
temporal scales shorter than most of the periods probed in our
wavelet analysis.

4.3. Alternative scenarios of magnetic field fluctuations

In this section, we discuss several models for magnetic field os-
cillations that can be proposed as alternatives to the opacity ef-
fect. We argue that none of them can satisfactorily explain our
measurements.

Magnetized atmospheres can support three different wave
modes: fast and slow magnetoacoustic waves and the Alfvén
mode. Strictly speaking, this separation only holds for homo-
geneous plasmas, where the three wave branches are effectively
decoupled, but these terms are generally employed for inho-
mogeneous plasmas like those found in the Sun. In a medium
where magnetic pressure is much higher than gas pressure, like
the umbral chromosphere, slow magnetoacoustic waves behave
like acoustic waves propagating mainly along the magnetic field
lines. They barely produce changes in the magnetic field since
their oscillations are longitudinal and, thus, their motions are
mostly directed along the field lines. In contrast, fast and Alfvén
waves can generate LOS magnetic field fluctuations at a given at-
mospheric height through two different processes (Ulrich1996):
compression, where horizontal motions compress and expand
the field lines density, and bending, in which the horizontal mo-
tions cause changes in the orientation of the magnetic field lines
with respect to the observer. The former corresponds to fast mag-
netoacoustic waves, whereas the latter is associated with Alvén
waves. The V-B phase expected for the compression mecha-
nism is -90° (magnetic field fluctuations leading velocity fluc-
tuations), while in the case of the bending mechanism it should
be 0 (Ulrich1996). Our phase shift measurements cannot be ex-
plained by these processes (Fig. [13).

Under the bending mechanism scenario, we could assume
that the strongest chromospheric LOS magnetic field (~2900 G)
corresponds to the times when the magnetic field vector is di-
rected along the LOS. A background magnetic field (not asso-
ciated with post-shock atmospheres) of ~2000 G would require
the field vector to be inclined ~46° from the LOS, implying a
transversal field strength around 2100 G. Such a strong transver-
sal magnetic field would leave an imprint in the linear polar-
ization signal, which is not present in our observations (in the
umbra, no Stokes Q and U signals are detected above the noise



Felipe et al.: Magnetic field Fluctuations in Het 10830 A

level). In addition, Houston et al. (2018) found that shock waves
produce small changes in the inclination of the magnetic field
(below 8°). Our results cannot be interpreted as the manifesta-
tion of changes in the direction of the magnetic field vector.

As previously discussed, the chromospheric velocity oscil-
lations measured in the umbra are produced by slow magnetoa-
coustic waves. The strong coherence of the Her 10830 A ve-
locity oscillations with the detected magnetic field fluctuations
indicates that both signals are caused by the same phenomenon.
Thus, we can discard fast magnetoacoustic and Alfvén waves as
the origin of these magnetic field oscillations.

The propagation of waves along flux tubes imposes certain
boundary conditions that lead to the existence of many oscil-
latory eigenmodes, which can be discriminated according to
their radial structure, the number of nodes in the azimuthal di-
rection, and their wave speed (Edwin & Roberts [1983). In re-
cent years, several works have claimed the detection of those
resonant modes in sunspots (Jess et al! |2017; |Stangalini et al
2022). Many detections in small magnetic flux tubes have
also been reported (Morton et all 2011); [Stangalini et al. [2013;
Jafarzadeh et al. 2017). Analytical works have determined the
phase relations between the fluctuations produced by these
wave modes in several observables (Fujimura & Tsuneta [2009;
Moreels & Van Doorsselaere 2013), including the V-B phase.
Both studies predict a V-B phase with either 180° or +90°
phase shifts, depending on the propagating/standing nature of
the waves and the wave modes involved. None of these esti-
mations can account for the 133° + 28° V-B phase measured
in our observations. In addition, the amplitude of the magnetic
field fluctuations predicted for those eigenmodes under chromo-
spheric conditions is significantly lower than the amplitude of
the detected field fluctuations. These models were developed to
support the interpretation of photospheric oscillations and do not
account for some properties of the umbral chromosphere, such
as the expansion of the magnetic field with height or the pres-
ence of non-linearities. Thus, the comparison with our data must
be assessed with caution.

5. Conclusions

We have reported chromospheric magnetic field fluctuations in
a sunspot umbra inferred from inversions of the Her1 10830 A
line. The large amplitude of these fluctuations, reaching LOS
magnetic field strengths up to 2900 G, makes it challenging to
associate them with chromospheric magnetism. Their magnetic
field strength is comparable to that found in the underneath um-
bral photosphere. We interpret these fluctuations as the result of
the opacity effect. Immediately after the shocks, the response of
the Her 10830 A line to the magnetic field is shifted to lower
atmospheric heights.

These magnetic field fluctuations show remarkable coher-
ence and a well-defined phase shift with the velocity oscilla-
tions. This finding clearly indicates that they are driven by the
slow magnetoacoustic waves that we detect in the velocity sig-
nal and discards the contribution from other wave modes (fast
and Alfvén) as the origin of the magnetic field fluctuations. Also,
from the examination of co-temporal UV data, we find no indi-
cations of coronal or transition region energetic events that could
be impacting the lower atmosphere and driving the fluctuations.

Our observations open several questions regarding the for-
mation of the He1 10830 A line. We find that, after the shocks
produced by the upward propagation of magnetoacoustic waves,
the response of the He1 10830 A triplet may come from atmo-

spheric layers as low as the high photosphere. This interpre-
tation is in agreement with the suggestion from several works
that have analyzed the magnetic field inferred in neutral helium
lines after flares or supersonic coronal downflows (Anan et al.
2018; ILibbrecht et al/[2019; |ISchad et al/[2021)). Here, we found
that such energetic events are not required to produce striking
fluctuations in the response height of the Her 10830 A triplet
since they can also be produced by shocks associated with wave
propagation. New observational analyses of temporal series are
necessary to assess whether this is a common behavior or an
uncommon occurrence due to some of the properties of the ana-
lyzed sunspot.
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