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ABSTRACT

The first significant sunquake event of Solar Cycle 25 was observed during the X1.5 flare of May 10,
2022, by the Helioseismic and Magnetic Imager (HMI) onboard the Solar Dynamics Observatory. We

perform a detailed spectro-polarimetric analysis of the sunquake photospheric sources, using the Stokes
profiles of the Fe I 6173 A line, reconstructed from the HMI linear and circular polarized filtergrams.
The results show fast variations of the continuum emission with rapid growth and slower decay lasting
3-4 min, coinciding in time with the hard X-ray impulses observed by the Konus instrument onboard
the Wind spacecraft. The variations in the line core appeared slightly ahead of the variations in the line
wings, showing that the heating started in the higher atmospheric layers and propagated downward.
The most significant feature of the line profile variations is the transient emission in the line core in three
of the four sources, indicating intense, impulsive heating in the lower chromosphere and photosphere.
In addition, the observed variations of the Stokes profiles reflect transient and permanent changes in
the magnetic field strength and geometry in the sunquake sources. Comparison with the radiative
hydrodynamics models shows that the physical processes in the impulsive flare phase are substantially
more complex than those predicted by proton and electron beam flare models currently presented in
the literature.

Keywords: Sun: flares — Sun: helioseismology — Sun: solar activity

1. INTRODUCTION

Sunquakes represent the helioseismic response to solar flares. Acoustic waves, excited by strong photospheric im-
pacts, travel through the solar interior and reappear on the surface as expanding circular-shaped ripples (Kosovichev
& Zharkova 1998). The velocity amplitude, observed by the Michelson Doppler Imager (MDI) onboard Solar and
Heliospheric Observatory (SoHO), reaches several hundred meters per second, and the wavefront speed increases with
the distance, typically from 10 km/s to 100 km/s. The observed characteristics of sunquakes fit very well with the
theory of helioseismic waves (Stefan & Kosovichev 2020). However, the origin of the strong photospheric perturbations
— sunquake sources — is not yet understood. Thus, sunquakes represent a major unsolved problem of solar flare physics.

It has been established that sunquakes are usually observed in compact impulsive flares (or compact impulsive parts
of complex flares). The sunquake sources are associated with hard X-ray impulses and are observed by the SoHO/MDI
and SDO/HMI instrument as transient photospheric perturbations of Doppler velocity, magnetic field, and continuum
(”white-light”) intensity, occupying areas of just a few pixels (with the total angular size of 1-2 arcsec, e.g., Kosovichev
2006; Sharykin & Kosovichev 2018; Castellanos Durén et al. 2018). The impulsive bright and compact white-light
flare kernels have been a subject of numerous previous investigations (e.g., Slonim & Korobova 1975; Babin & Koval’
1999; Matthews et al. 2003; Wang 2009).

Among the 500 M-X class flares observed by HMI during Solar Cycle 24 (excluding the limb and near-limb flares),
94 helioseismic events were detected (Sharykin & Kosovichev 2014). The statistical analysis showed that the sunquake
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power correlates with the maximum value of the soft X-ray flux time derivative, confirming that the impacts of
high-energy particles cause the sunquakes.

The initial theoretical modeling in the framework of the electron-beam driven ‘thick-target’” model by Kosovichev
& Zharkova (1995) predicted the helioseismic wave amplitude on the solar surface of about several m/s. Non-LTE
modeling of the NiI 6768 A line, observed by the MDI instrument, predicted decreases of the line core depth by about
30% during the electron beam heating and changes in the emission for a few seconds, which was difficult to detect
with the 1-min cadence of the MDI instrument (Zharkova & Kosovichev 2002).

Further non-LTE modeling of the SDO/HMI observables by Sadykov et al. (2020), based on the RADYN flare
hydrodynamics models (Allred et al. 2015) from the F-CHROMA project (Carlsson et al. 2023), found a substantially
weaker impact of the electron-beams on the low atmosphere. This study showed that the electron-beam ‘thick-target’
model (Brown 1971; Hudson 1972), often considered the standard flare model, has some challenges with explaining the
sunquakes and the observed variations of the Fe 6173 A line (at least for the electron beams with the average deposited
energy flux Fy <5x10'%ergem=2s71). However, significant changes in this line including a transient emission in the
line core were found in the RADYN model calculated for an electron beam with a high (200 keV) low-energy cutoff,
mimicking a deep penetration of the electron beam (Hong et al. 2018).

Because of the difficulties of explaining sunquakes, several alternative mechanisms were suggested. In particular,
Hudson et al. (2008) and Fisher et al. (2012) suggested that the Lorentz force produced by a restructuring of the
magnetic field during the flare energy release can provide a momentum sufficient for the excitation of sunquakes. Moradi
et al. (2007) suggested that the low photosphere is heated by intense Balmer and Paschen continuum-edge radiation
from the overlying chromosphere in white-light flares (the “back-warming” hypothesis). Sharykin & Kosovichev (2015)
noticed that some sunquake sources did not spatially coincide with the maxima of the hard X-ray emission and suggested
that sunquakes could be produced by rapid dissipation of electric currents.

The initiation of sunquakes by proton beams has been discussed in several papers (Kosovichev 2006; Moradi et al.
2007; Zharkova & Zharkov 2007, 2015). However, the gamma-ray emission produced by high-energy proton beams is
rarely observed. Therefore, the observational results are inconclusive. Kosovichev (2006) noticed that in the powerful
flares of October 2003, the sunquake sources were close to both 50-100 keV hard X-ray and 2.2 MeV gamma-ray
sources observed by the RHESSI satellite, but in the flare of July, 23, 2002, the sunquake sources were far away from
the gamma-ray source but close to the hard X-ray sources (Kosovichev 2007). Unlike the energetic electrons, the
protons do not produce the hard X-ray radiation that would be consistent with observations (Emslie et al. 1998).
Therefore, the evidence for the MeV protons has to rely on indirect diagnostics, such as impact linear polarization of
chromospheric lines (Henoux et al. 1990b) and extreme Doppler shift of neutral hydrogen atom lines formed via charge
exchange with the protons (Orrall & Zirker 1976). This effect, however, has not been observed yet (Kerr et al. 2023).

Recently, Sadykov et al. (2023) developed flare radiative hydrodynamics (RADYN) simulations driven by pro-
ton beams that penetrate deeper than electron beams into the low atmospheric layers. They calculated synthetic
Fe 16173 A line Stokes profiles and line-of-sight (LOS) observables of the SDO/HMI instrument as well as the 3D
helioseismic response using a 3D acoustic model (Stefan & Kosovichev 2020). The results show the enhancement of
the HMI continuum intensity and explain the generation of sunquakes.

Here, we use the SDO/HMI spectro-polarimetric data to analyze the sunquake sources observed during the X1.5
flare of May 10, 2022, and compare the results with predictions of the flare hydrodynamics models. Section 2 describes
the sunquake event. Section 3 presents the results of the spectro-polarimetric analysis. In Section 4, we discuss the
comparison with flare models. Our conclusions are presented in Section 5.

2. DOUBLE SUNQUAKE CAUSED BY X1.5 FLARE OF MAY 10, 2022

The first significant sunquake of Solar Cycle 25 observed during the X1.5 flare of May 10, 2022, revealed some
interesting features that shed light on the origin of sunquakes. The animation constructed from a series of the 45-sec
Dopplergrams filtered in a narrow frequency band around five mHz to isolate the acoustic waves from the low-frequency
granulation noise shows initial impulsive perturbations and two sets of expanding ripples indicating the presence of
two sunquake sources (Figure 1).

The two double impact sources explain the double structure of the sunquake ripples appearing in the movie. The
time-distance diagrams (Figure 2) obtained by angular averaging of the ripples traveling in the North direction with
the centers located in Sources 1 and 2 show a rather unusual double-ridge structure.
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Figure 1. Image of the online animation of the time series of the Dopplergrams observed by the SDO/HMI instrument in
a 2mHz frequency band centered at 5 mHz. The animated time series proceeds from 13:51 UT to 14:48 on 2022/05/10. The
animation reveals two sets of expanding wave ripples and indicates the presence of two sunquake sources.

Time-distance diagrams of sunquake of X1.5 flare, 2022.05.10
Source 1 Source 2

0 5 10 15 20 25 30 0 5 10 15 20 25 30
a) distance (Mm) b) distance (Mm)
Figure 2. The time-distance diagrams obtained by the angular averaging of the frequency-filtered Dopplergrams with the
central points located in the Source 1 (a) and Source 2 (b) areas. The angular averaging is performed for the north-oriented
quadrant.

Other interesting features of this flare are the presence of strong shearing flows in the polarity inversion line and
a rapid restructuring of the magnetic field after the flare, resulting in the formation of a sunspot. In this respect,
this flare resembles the M9.3-class flare of July 30, 2011, which, in addition to the helioseismic waves, caused a large
expanding area of white-light emission and was accompanied by the rapid formation of a sunspot structure in the flare
region (Sharykin & Kosovichev 2015). Similarly, the flare produced hard X-ray emission in less than 300 keV energy
band and no significant eruption.

Indeed, the hard X-ray flux observed by the Konus/Wind instrument (Lysenko et al. 2022) shows two emission peaks
at 13:55 UT and 13:57 UT. Interestingly, there was a 1-min gradual phase in the 19-81 keV X-ray emission before the
main first peak (Figure 3).

Because the flare was located near the central meridian, the photospheric perturbations associated with the hard
X-ray impulses are well-resolved in the HMI images taken around 13:56 UT and 13:58 UT (each HMI observing
sequence takes 45 sec, Couvidat et al. 2012). The top panels of Figure 4 show the relative difference between two



Figure 3.

et al. 2022).

The soft X-ray flare emission in the energy band 1.5-12 keV observed by the GOES satellite (red), and the hard
X-ray emission in the energy bands 19-81 keV and 82-322 keV (blue) observed by the KONUS/WIND instrument (Lysenko
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Figure 4. The photospheric flare impacts observed by the HMI instrument around 13:56:20 UT (Source 1) and 13:57:50 UT
(Source 2). Panels a) and ¢) show the relative continuum intensity enhancements during 45 sec of the impacts; panels b) and
d) show the line-of-sight magnetograms during the flare impacts. The contour lines show the corresponding Doppler velocity
signals for 3, 4, 5, 6, and 7 km/s. Solid lines show the positive (red-shifted) velocity, and dashed lines show the negative velocity.
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Figure 5. The vertical electric currents at around a) 13:57:00 UT (Source 1) and b) 13:58:30 UT (Source 2). The overlaid
contours of the Doppler velocity signals are the same as in Figure 4. ¢) The magnetic field lines reconstructed in the NLFFF
approximation from the HMI 720s vector magnetograms centered at 13:54 UT using the GX Simulator (Nita et al. 2023, the
image is courtesy of G.Nita).

consecutive continuum intensity images taken at 13:55:35 UT and 13:56:20 UT (Source 1; left panel) and 13:57:05 UT
and 13:57:50 UT (Source 2; right panel). The contour lines show the line-of-sight velocity perturbations calculated
from the HMI 45-sec cadence Doppler-shift data at 13:56:20 UT and 13:57:50 UT for 3, 4, 5, 6, and 7 km/s (solid
curves show positive red-shifted velocity; negative blue-shifted velocity is shown by dashed). The bottom panels show
the line-of-sight magnetograms at the exact times as the Doppler velocity signals.

These images show that each of the sunquake sources had a double impact structure, most likely corresponding to
the footpoints of magnetic flux tubes across the polarity inversion line. The distance between the impacts of Source
1 is about 2-3 arcsecs, indicating the energy release in a low-lying magnetic flux tube. The distance between the
impacts of Source 2 is about 4 arcsecs; however, it appeared stretched along the polarity inversion line. The impacts
are located in regions of strong vertical electric currents calculated from the HMI vector magnetograms (Figures 5(a)
and (b)). These images show that the electric currents flow across the polarity inversion line along compact magnetic
loops, forming an arcade. The sequence of HMI images shows that the flare impacts evolve in a wave-like fashion along
the arcade, starting from the Source 1 location and ending at Source 2. The complex magnetic field structure with
low-lying magnetic field lines connecting the opposite polarities is evident from the non-linear force-free reconstruction
(Figure 5(c)) using the GX Simulator (Nita et al. 2023).

It should be noted that the HMI observing scheme may not provide accurate velocity and magnetic field measurements
during the impacts because the line profile may be significantly distorted (e.g. Svanda et al. 2018). Nevertheless, these
perturbations are substantially stronger than the electron-beam RADYN models in the F-CHROMA database predict
(Sadykov et al. 2020). Strong photospheric perturbations are typical for sunquake events.
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3. SPECTRO-POLARIMETRIC CHARACTERISTICS OF SUNQUAKE SOURCES

The HMI instrument performs spectro-polarimetric measurements by taking linear and circular polarized narrow
band images in six positions across the Fe T 6173 A line with two cameras (Couvidat et al. 2012; Schou et al. 2012).
Camera 1 observes the linear polarized light, and Camera 2 measures the circular polarized light. The 4096x4906 pixel
images cover the whole disk with the 0.5 arcsec/pixel sampling. The spatial resolution of the instrument is 1 arcsec.
The polarized images are taken every 3.75 sec, and the whole spectro-polarimetric measurement sequence takes 90
seconds for the linear polarization and 45 sec for the circular polarization. The polarized images are sequenced in an
order minimizing systematic errors caused by the line variations during the observing cycles and combined into the
Stokes line profiles. Thus, the HMI observations provide the full Stokes line profiles for the Fe I 6173 A line with
78 mA spectral, 1 arcsec spatial, and 90-sec temporal resolution. In the standard HMI data processing pipeline,
the Stokes profiles are used to determine the vector magnetic field and line-of-sight velocity by applying a simplified
Milne-Eddington inversion procedure. However, it does not provide robust results for flare properties because of the
rapid variations of the line profile. Therefore, we focus on analyzing the Stokes profile variations in the sunquake
sources.

To investigate the temporal behavior of the sunquake sources, we remapped the Stokes profile images onto the
heliographic coordinates and tracked the local patches of these images with the local differential rotation rate. Then,
the regions of the flare impacts are identified as compact short-duration high-intensity brightenings in the Stokes I
images. The characteristic size of these impacts does not exceed 0.1-0.2 heliographic degrees (1-2 Mm), which is at
the limit of the HMI spatial resolution. The duration of these impacts does not exceed 2-4 min. The time profiles
are characterized by fast growth and slower decay. After the impacts, some of the Stokes profiles returned to their
pre-impact properties, but in all cases, we see irreversible changes either in the circular or linear polarization profiles.

Figures 6-9 show the filtergram images of the sunquake sources in the line continuum and the line core (panels a-b),
the temporal variations in the line continuum and core (panels c¢), averaged over 3 x 3-pixel areas marked by black
squares, the Stokes I line profiles at various moments of time (panels d), and the time-wavelength diagrams of the
Stokes profiles (panels e). All Stokes profiles show substantial rapid variations during two or three 90-sec HMI Camera
1 observing sequences. The line intensity increases by about 10-30% in the line continuum (far line wings) and by
30-50% in the line core. In the line core, the peak intensity is reached earlier than in the line continuum, indicating
that the impact affected higher layers of the solar photosphere earlier than the lower layers. However, the exact time
lag cannot be determined because of the 90-sec Stokes profiles measurement cycle. At the peak values, the line core was
in emission in three cases (Sources la, 1b, and 2a). Before the initial impacts (Sources la and 1b), the Stokes I showed
a brief 3-min darkening in relatively large areas, which are also noticeable in the Stokes I images in Figures 6(d)-9(d).
The temporal darkening may be related to the heating of photospheric layers in the flare pre-impulsive phase, which
results in an increase of the negative hydrogen opacity (due to increased ionization) and a temporary decrease of the
continuum flux (Grinin 1983; Henoux et al. 1990a).

After the impulsive variations, the Stokes I profiles quickly return to their pre-flare values, indicating the rapid
cooling of the photospheric plasma. However, the Stokes Q, U, and V profiles, characterizing linear and circular
polarization, show permanent or long-duration changes (Figures 6(e)-9(e)), indicating changes in the magnetic field
geometry and strength. Specifically, in Source 1a, the values of Stokes Q and U increased while the Stokes V decreased,
indicating an increase in the horizontal field strength and a decrease in the vertical field strength. In Source 1b, the
initial strong Stokes Q and U permanently decreased, while Stokes V returned to the pre-flare values. In Sources
2a and 2b, the Stokes V profiles returned to the pre-flare values, and Stokes Q and U experienced relatively weak
permanent changes. The permanent changes could be due to the height shift of the line formation region because of
the flare heating. However, the Stokes I profiles in all cases quickly returned to the pre-flare values, meaning that
the heating did not last long. Thus, the flare impacts are probably associated with fast permanent changes in the
magnetic field strength and topology.

The observed transient changes in Stokes Q, U, and V are likely affected by fast non-equilibrium variations of the
plasma properties. Figure 10 shows the variations of Stokes Q, U, and V profiles for three consecutive measurements
taken just before the Stokes I peaks, shown in Figures 6(c)-9(c), and during the peaks. The observing times are
indicated in Figure 10 panels. The Stokes I magnitude slightly decreased in all sources, but Stokes QQ and U, representing
the linearly polarized components, vary significantly. The origin of these transient variations is unclear but may be
related to impact linear polarization, previously discussed for chromospheric lines (Henoux et al. 1990b; Simnett 1995).
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The evolution of the Stokes Q, U, and V profiles in the flare sources before and during the Stokes I emission peaks.
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Figure 11. (a) Variation of the Stokes I, (b) line profiles at various time moments before, during and after the impact,
and (c) the corresponding temperature profiles in the low atmosphere, calculated in the radiative hydrodynamics (RADYN)
model driven by a proton with the energy flux of 10'* ergem™2s™!, the power law index v = 3, and the low energy cut-off of
E. =1 MeV; (d-f) the same as panels (a-c) for E. = 3 MeV (Sadykov et al. 2023). The dashed line shows the semi-empirical
model of a white-light flare, obtained by Kleint et al. (2016)

4. PHYSICAL ORIGIN OF SUNQUAKE SOURCES

The standard flare model assumes that the solar atmosphere is heated by beams of electrons accelerated to high
energies in the corona. However, previous studies have shown that the electron beams and their hydrodynamic effects
are possibly too weak to explain the HMI observations of the photospheric impacts producing dramatic changes in
the Fe 1 6173 A line and the helioseismic waves (Sadykov et al. 2020). Only the electron-beam models with the high
low-energy cut-off of 200 keV produced a line-core emission (Hong et al. 2018).

Recent modeling of proton beams in the framework of the flare hydrodynamics RADYN model showed that the proton
beams with a typical energy flux of 10! ergcm=2s7! (the average energy flux just twice higher than in FCHROMA),
the power law index v = 3, and relatively high low cut-off energies E. = 1 —3 MeV can heat the photospheric layers to
high temperatures sufficient to explain the observed continuum intensity increase and the line-core emission (Sadykov
et al. 2023). Figure 11 shows the temporal variations of the Stokes I profiles calculated for two RADYN models for
the proton beams with the low cut-off energies of E. = 1 MeV (panels a and b) and 3 MeV (panels d-e), as well as
the temperature profiles in the low chromosphere and photosphere. The duration of the beam heating was 20 s. Both
cases show variations that are qualitatively similar to the observed variations, including the line core emission, which
is more decisive for the 3 MeV case. Although, the observed line core emission is stronger than in the models. In
addition, the line profile becomes shallow. The line core depression (the line depth measured at the Fel6173 A rest
wavelength relative to the continuum near the line), averaged over the 20-sec beam heating period, is about 0.34 for
the 1 MeV case and 0.13 for 3 MeV. For comparison, the observed line core depression averaged over the time intervals
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Figure 12. Red curve shows the filtergram signal at Source la from the HMI Camera 2 (level 1 data) normalized to the
corresponding pre-flare values observed at 13:30 UT. The blue curves show the hard X-ray signal observed by the KONUS/WIND
instrument in the energy range of 19-81 keV (thin curve) and 81-332 keV (thick curve).

corresponding to the flare emission peaks (Figures 6(c)-9(c)), is about 0.11 in Sources la and 2a, 0.14 in Source 1b,
and 0.20 in Source 2b.

The line core emission is apparently due to the stronger heating in the temperature minimum regions between the
photosphere and chromosphere. However, such beams do not generate helioseismic waves of the amplitude observed in
sunquakes. Sadykov et al. (2023) found that the proton beams with E. < 100 keV can explain sunquakes because of
the higher momentum impact, but the heating by such beams is too weak to explain the Fe I 6173 A line variations.
The dashed lines in Figures 11(c) and (f) show the semi-empirical model derived by Kleint et al. (2016) for a white-light
emission kernel of the X1 flare of 2014, March 29. The semi-empirical model is fairly close to the 3 MeV proton beam
model. This confirms their conclusion that both the chromosphere and photosphere are strongly heated in white-light
flares.

Protons are likely accelerated at the same time as electrons. Unlike the protons, the accelerated electrons produced
hard X-ray emission, which was observed by the KONUS/Wind instrument. In this respect, it is important to consider
the exact timing of the hard X-ray and photospheric impulses. To investigate this relationship, we used the filtergrams
obtained in alternating right and left circular polarizations from the HMI Camera 2 with a 3.75 s cadence. To reduce
the variations caused by the spectral line scanning, we normalize these data to the corresponding Camera-2 data taken
20 min before the impacts. In Figure 12, the normalized HMI signal for Source la (red curve) is compared with the
hard X-ray emission from the KONUS/WIND instrument. The HMI signal starts simultaneously with the hard X-ray
emission but reaches the maximum about 15 seconds earlier than the X-ray emission, particularly in the 81-332 keV
energy range.

This fact, as well as the absence of measurable X-ray emission with energies greater than 300 keV, do not support
the suggestion (Wu et al. 2023) that sunquakes could be initiated by high-energy electrons. Previously, sunquake
sources were associated with CME eruptions, impulsive Lorentz force, and electric currents. In this flare, there was no
eruption. An impulsive Lorentz force cannot provide such strong and fast heating in the low photosphere where the
plasma beta parameter is greater than unity. The dissipation of electric current would require their filamentation, e.g.,
due to the Joule-overheating instability (Sokolov & Kosovichev 1978), which may not be developed on such a short
time scale unless the electrical resistivity is enhanced due to turbulence or other effects (Heyvaerts 1974).

Therefore, we conclude that the momentum impact caused by deeply penetrating low-energy proton beams is the
most viable mechanism of sunquake generation. However, such beams do not explain the observed emission in the
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Fe 16173 A line core because of the weak heating of the low atmosphere. The high-energy electron and proton beam
models can qualitatively explain the line-core emission, but the models do not explain sunquakes.

5. DISCUSSION AND CONCLUSION

Significant variations of the photospheric Fe I 6173 A line, observed by the HMI instrument onboard SDO during
white flares and sunquake events, were noticed before (Martinez Oliveros et al. 2011). The sunquake event observed
during the X1.5 flare of May 10, 2022, developed in a relatively simple magnetic region located close to the central
meridian, provided an opportunity to perform a detailed spectro-polarimetric analysis and compare with the predictions
of the radiative hydrodynamic (RADYN) models. The HMI filtergrams obtained in six positions across the spectral
line provided good coverage of the line profile because of the flare location in the central part of the solar disk.

The photospheric flare impacts are identified as sharp variations of the HMI observables: continuum intensity,
Doppler velocity, and line-of-sight magnetic field. The impacts appeared in pairs across the magnetic polarity inversion
line, separated by 2-3 arcsec, indicating that they represent footpoints of low-lying magnetic loops. The impacts started
in the southern part of the active region simultaneously with the hard X-ray impulses and propagated along the polarity
inversion line with a speed of about 50-60 km/s. The most significant impacts were separated by about 6-8 arcsec with
a time lag of about 2 min, and these impacts resulted in the excitation of two partially overlapping helioseismic waves.
Both waves are well-resolved in the time-distance diagrams. This is the first case of a ‘double sunquake’ known to us.

We analyzed the temporal evolution of the four strongest impacts, using the line Stokes profiles reconstructed from
the HMI linear and circular polarized filtergrams with 90-sec cadence. The results showed fast variations with rapid
growth and slower decay lasting 3-4 min, coinciding with the hard X-ray impulses. The variations in the line core
appeared slightly ahead of the variations in the line wings, indicating that the heating started in the higher atmospheric
layers and propagated downward. The sharp brightenings were preceded by darkening lasting 3-5 min, particularly
noticeable in the initial impact area (Sources la and 1b).

In all impacts, the Stokes I profiles returned to their initial values, meaning a rapid cooling of the heated plasma.
However, some Stokes Q, U, and V profiles showed permanent changes, indicating irreversible changes in the magnetic
field strength and geometry. The HMI magnetograms showed substantial rapid restructuring of the active region
magnetic field, resulting in the formation of a sunspot. A similar process occurred after a sunquake flare of July 30,
2011 (Sharykin & Kosovichev 2015).

The most prominent feature of the line profile variations is the emission in the line core in three of the four sources. It
indicates strong impulsive heating in the low chromosphere and photosphere. The radiative hydrodynamics (RADYN)
simulations of Sadykov et al. (2023) showed that the proton beams with an energy flux of 10! ergecm 2571, the power
law index v = 3, and the low energy cut-off E, = 1 —3MeV can explain the emission in the Fe I 6173 A line core.
Still, the sunquake amplitude, observed by the HMI instrument, was obtained only for the models with E. < 100keV.
Using the HMI level 1 filtergrams, obtained with a 3.75 s cadence, we determined that the initial photospheric impact
started simultaneously with the hard X-ray impulses but reached the maximum 10-15 sec earlier than the hard X-ray
fluxes.

Putting all these results together, we come to the suggestion that the flare energy release, which occurred in low-lying
magnetic loops, produced high-energy electrons and protons. The electrons, precipitating into the high chromosphere,
produced hard X-ray emission at the loop footpoints, but the protons penetrated deeper into the photospheric layers
and delivered the momentum sufficient for the generation of sunquakes. The Fe I 6173 A line core emission indicates
strong impulsive heating of the lower chromosphere and photosphere, to which high-energy protons (F 2 5 MeV) and
electrons (E 2 200 keV) could contribute. However, a quantitative model consistently explaining these phenomena
and the observed variations of the line polarization is still lacking.
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