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Abstract. In this paper we present the interpretation of the observations of the flare from 6 September 2017 reported in Paper
1. These include gamma-ray (GR), hard X-ray (HXR), soft X-rays (SXR), Lyα line, extreme ultraviolet (EUV), Hα, and white
light (WL) emission, which were recorded during the two flaring events 1 (FE1) and 2 (FE2) that occurred at 11:55:37 UT
(FE1) and 12:06:40 UT (FE2). Paper 1 also reported the first detection of the sunquake with first and second bounces of seismic
waves combined with four other sunquakes in different locations supported with the observations of HXR, GR, EUV, Hα,
and WL emission with strongly varying spatial resolution and temporal coverage. In the current Paper 2, we propose some
likely scenarios for heating of flaring atmospheres in the footpoints with sunquakes which were supported with EUV and Hα
emission. We used a range of parameters derived from the HXR, EUV, and Hα line observations to generate hydrodynamic
models, which can account for the blueshifts derived from the EUV emission and the redshifts observed with the EUV Imaging
Spectrometer (EIS) in the He II line and by the CRisp Imaging Spectro-Polarimeter (CRISP) in the Swedish Solar Telescope
(SST) in Hα line emission. The parameters of hydrodynamic shocks produced by different beams in flaring atmospheres were
used as the initial conditions for another type of hydrodynamic models that were developed for acoustic wave propagation
in the solar interior. These models simulate the sets of acoustic waves produced in the interior by the hydrodynamic shocks
from atmospheres above deposited in different footpoints of magnetic loops. The Hα line profiles with large redshifts in three
kernels (two in FE1 and one in FE2) were interpreted with the full non-local thermodynamic equilibrium (NLTE) radiative
simulations in all optically thick transitions (Lyman lines and continuum Hα, Hβ, and Pα) applied for flaring atmospheres with
fast downward motions while considering thermal and non-thermal excitation and ionisation of hydrogen atoms by energetic
power-law electron beams. The observed Hα line profiles in three kernels were fit with the simulate blue wing emission of the
Hα line profiles shifted significantly (by 4-6 Å) towards the line red wings, because of strong downward motions with velocities
about 300 km/s by the shocks generated in flaring atmospheres by powerful beams. The flaring atmosphere associated with the
largest sunquake (seismic source 2 in FE1) is found consistent with being induced by a strong hydrodynamic shock produced
by a mixed beam deposited at an angle of -30◦ from the local vertical. We explain the occurrence of a second bounce in the
largest sunquake by a stronger momentum delivered by the shock generated in the flaring atmosphere by a mixed beam and
deeper depths of the interior where this shock was deposited. Indeed, the shock with mixed beam parameters is found deposited
deeply into the interior beneath the flaring atmosphere under the angle to the local vertical that would allow the acoustic waves
generated in the direction closer to the surface to conserve enough energy for the second bounces from the interior layers and
from the photosphere. The wave characteristics of seismic sources 1 and 3 (in FE1) were consistent with those produced by the
shocks generated by similar mixed beams deposited at the angles -(0 − 10)◦ (seismic source 1) and +30◦ (seismic source 3) to
the local vertical. The differences of seismic signatures produced in the flares of 6 September 2011 and 2017 are also discussed.
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1. Introduction

On the 6 September 2017, the active region NOAA 12673
produced two X-class flares: an X2.2 flare and, three hours
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later, an X9.3 flare which have been studied by many au-
thors. A few sunquakes and magneto-acoustic waves associ-
ated with the X9.3 flare were reported previously (Sharykin
& Kosovichev 2018; Zhao & Chen 2018). The X9.3 flare
from 6 September 2017 is explored in part 1 of our research
(Zharkov et al. 2020, hereafter Paper 1), which presents the
available observations of gamma-ray (GR), hard X-ray (HXR),
extreme ultraviolet (EUV), Hα, and white light emission com-
bined with four (possibly five) sunquakes detected by the
Helioseismic and Magnetic Imager (HMI) aboard the Solar
Dynamic Observatory (SDO) (Scherrer et al. 2012) in the foot-
points of three magnetic flux ropes as shown from the investi-
gation of magnetic field associated with this flare (Inoue et al.
2018). In Paper 1 pertaining to the investigation of this flare
observations (Zharkov et al. 2020), we present, for the first
time, a detection of the largest sunquake with the first and
second bounces of acoustic waves generated in the solar in-
terior. Another three, or potentially four, sunquakes were also
detected in other with rather different characteristics. In the cur-
rent paper, we compare the physical conditions in flaring atmo-
spheres, leading to sunquakes that are generated around given
footpoints of magnetic flux ropes that are restored with the
non-linear force-free field (NLFFF) extrapolation of the mag-
netic field in this active region prior to the flare onset followed
by 3-dimensional (3D) magneto-hydrodynamic (MHD) simu-
lations of the magnetic structures, which led to the flare on 6
September 2017 (Inoue et al. 2018).

The X9.3 flare was observed with the Gamma Ray Burst
Detector (KONUS) payload (Lysenko et al. 2019) aboard the
WIND satellite (Aptekar et al. 1995), with Lyα light curves
by the Large-Yield RAdiometer (LYRA) instrument on board
of the PROBA 2 satellite (Hochedez et al. 2006; Dominique
et al. 2013), showing four flaring events (FEs), from which
we analysed FE1 and FE2 (see for details Zharkov et al.
2020). There were also observations with the Reuven Ramaty
High Energy Solar Spectroscopic Imager (RHESSI) (Lin et al.
2002), which occurred 1.2 minutes after FE2. Since neither the
KONUS/WIND or LYRA data have any spatial resolution and
as the HXR observations by RHESSI were not available for
FE1 or FE2, they thus cannot be used directly for the beam
parameter definition. Hence, for this flare we are left with
Hα emission locations which were observed with the CRisp
Imaging Spectro-Polarimeter (CRISP) (Scharmer et al. 2003;
Scharmer 2006) at the Swedish Solar Telescope (SST) to dis-
tinguish the areas of the footpoints where heating by the beams
has occurred that can provide us with some guidance about a
range of the parameters of particle beams generating these sig-
natures.

In Paper 1 (Zharkov et al. 2020), the parameters flaring at-
mospheres in few locations were derived from the EUV obser-
vations with the EUV Imaging Spectrometer (EIS) on Hinode
spacecraft (Culhane et al. 2007) in the spectrograms for the
Fe XXIII 263.76 Å line profiles for large blueshifts and He
II 256 Å line profiles, revealing redshifts during the impulsive
phase that are later followed by blueshifts at the gradual phase
when the flaring plasma starts returning to the pre-flare status.
For the dynamics of the lower atmosphere in flaring events 1
and 2, we explored from Hα line profile observations by the

CRISP/SST instrument in two Hα kernels for FE1 that is linked
to seismic sources 1 and 2 and one Hα kernel 3 in FE2 that is
seen 10 minutes later in the same location as seismic source
2. The Hα line profiles in each location indicate the observa-
tion of blue wings of the profiles, while the core is strongly
redshifted well beyond the spectral window of ±1.5Å for the
CRISP/SST. Moreover, the SST observations in the available
wavelength range are consistent with the previous observations
of hydrogen Hα line emission, often revealing cores with large
redshifts up to 5 Å (Ichimoto & Kurokawa 1984; Canfield &
Gayley 1987; Zarro et al. 1988; Wuelser & Marti 1989).

In addition, there was an increase in white light (WL)
(Paschen continuum) in this flare, similarly to many other flar-
ing events (Uchida & Hudson 1972; Kurokawa et al. 1988;
Matthews et al. 2011) and Balmer continuum emission (Kotrč
et al. 2016), which are nearly co-spatial with the HXR emis-
sion. Uchida & Hudson (1972) suggested that a sharp increase
of continuous emission in flares is caused by energetic elec-
tron beams that are injected into a flaring atmosphere. Recently,
Druett et al. (2017) and Druett & Zharkova (2018) have shown
that non-thermal ionisation of hydrogen atoms by relativistic
electron beams can naturally bf produce during flares strong
increases in the Balmer near UV and Paschen WL emissions at
the chromospheric levels, in addition to photospheric depths,
these beams can produce the profiles of Hα lines that are
strongly (by 3-5 Å) shifted to the red wings, leaving only blue
wings of the line observations (Druett & Zharkova 2018) if they
are carried out with a narrow spectral filter of ± 1.5 Å.

The high-energy emissions in HXR, EUV, UV, and optical
wavelengths are often accompanied by the occurrence of sun-
quakes or ripples on the solar surface that radially emanates
from a point source from 20-60 minutes after a flare onset
(Kosovichev & Zharkova 1998; Zharkova 2008; Donea 2011;
Zharkov et al. 2011a; Zharkov et al. 2011b; Matthews et al.
2015). Sunquakes are detected on the solar surface using time-
distance (TD) diagram analysis (Kosovichev & Zharkova 1998;
Zharkov et al. 2011a; Zharkov et al. 2011b) and acoustic holog-
raphy (Donea et al. 1999; Lindsey & Braun 1999; Donea et al.
2000; Lindsey & Braun 2000; Donea & Lindsey 2005; Zharkov
et al. 2011a). The sunquake origin is normally indicated by a
compact bright kernel (source) that peaks during a flare, which
is verified by statistical tests (Zharkov et al. 2011a). Some lo-
calised magnetic configurations are found to be more effective
in channelling the energy and momentum to the lower atmo-
sphere (Green et al. 2017).

The ripples were suggested to be the reflections from the
solar surface of acoustic (in some cases, magneto-acoustic)
waves induced by a sharp deposition into the solar interior
of the momentum that was delivered by hydrodynamic shocks
that formed in flaring atmospheres by hydrodynamic responses
to the injection of particle beams (Somov et al. 1981; Fisher
et al. 1985b,a; Allred et al. 2005; Zharkova & Zharkov 2007;
Zharkova & Zharkov 2015) and travelling with supersonic
speeds downwards to photospheric levels and the solar inte-
rior (Kosovichev & Zharkova 1998; Zharkov 2013). The other
authors explored radiative back-warming as the other source of
pressure transients producing acoustic waves in flares (Donea
et al. 2006; Donea 2011). However, the observations showed
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that nearly half of sunquake locations are associated with little
or no white light emission (Matthews et al. 2011; Buitrago-
Casas et al. 2015; Zharkov et al. 2011a), thus ruling out this
mechanism as the main cause. And the third mechanism for
the generation of sunquakes can occur in the locations of
Lorentz force transients, which, supposedly, can produce a
well-directed magnetic impulse of Poynting vector towards the
photosphere and subsequent magneto-acoustic waves (Hudson
et al. 2008; Fisher et al. 2012).

Recently, Macrae et al. (2018) detected a missing sunquake
in the flare of 6 September 2011 in a previously not acousti-
cally active flare (Liu et al. 2014); and they provided the first
quantitative interpretation of the sunquake’s properties (timing,
directionality) using a hydrodynamic response to plasma heat-
ing by beam electrons as an input for the another hydrodynamic
model for acoustic wave propagation in the solar interior. They
demonstrate that, in fact, all three mechanisms associated with
the generation of seismic signatures, are present in flaring at-
mospheres when they have sunquakes. The energetic particles
are likely to gain their energy from reconnecting current sheets
of flares by converting the magnetic energy into energetic par-
ticles with the help of the Lorentz force. Then these relativis-
tic electrons can over-ionise the ambient hydrogen plasmas
by 5-6 orders of magnitude and keep this ionisation for up
to 40 minutes by radiative transfer in optically-thick Lyman
continuum (Druett & Zharkova 2019), which leads to appear-
ance of Balmer continuum emission and white light emission
in Paschen continuum (Druett & Zharkova 2018). While the
hydrodynamic shocks produced by hydrodynamic responses of
flaring atmospheres to heating by energetic particles generate
acoustic waves in the solar interior, which are observed on the
solar surface as ripples, or sunquakes.

Energetic particles accelerated in current sheets occurring
on the top of flaring atmospheres (Zharkova et al. 2011) are
found to deliver their energy to deeper layers of a flaring atmo-
sphere causing its heating. During the impulsive phase of flares,
the injected particle beams are shown to precipitate into flar-
ing atmospheres and heat them via Coulomb collisions (Brown
1971; Syrovatskii & Shmeleva 1972), causing hydrodynamic
responses of flaring atmospheres (Somov et al. 1981; Fisher
et al. 1985b; Allred et al. 2005; Zharkova & Zharkov 2007;
Zharkova & Zharkov 2015). In type one hydrodynamic models
of flaring atmospheres, the intense heating by particle beams
of the quiet Sun (QS) chromosphere is shown to sweep the
ambient plasma to a lower atmosphere, forming a new flaring
atmosphere with its own corona, transition region and chromo-
sphere (Somov et al. 1981; Duijveman et al. 1983; Zharkova
& Zharkov 2007). This sweeping of chromospheric plasma
by precipitating beams is quickly followed by evaporation of
this plasma back to the corona combined with strong hydrody-
namic shocks propagating with supersonic speeds downwards
to the photosphere and beneath it (Somov et al. 1981; Fisher
et al. 1985c,b,a; Allred et al. 2005; Zharkova & Zharkov 2007;
Zharkova & Zharkov 2015).

This hydrodynamic response of ambient plasmas heated by
very intense beams injected for only 5-10 seconds causes a for-
mation of the new flaring atmosphere with a sharp increase of
its temperature, a decrease of the ambient density in the corona

combined with hydrodynamic shocks formed in the chromo-
sphere, and strong macro-motion upwards and downwards that
is associated with the explosive evaporation of the chromo-
spheric plasma into a flaring corona and propagations of hy-
drodynamic shocks towards the solar interior (Somov et al.
1981; Duijveman et al. 1983; Fisher et al. 1985b; Zharkova &
Zharkov 2007; Zharkova & Zharkov 2015). There are two other
models of hydrodynamic heating (in preheated atmospheres
or isotropic heating), which produce much milder chromo-
spheric plasma evaporation without sweeping, combined with
the shocks moving with much smaller velocities downwards to
the lower atmosphere (Polito et al. 2016; Fisher et al. 1985c,b;
Allred et al. 2005; Kennedy et al. 2015; Bradshaw & Cargill
2006). These models are not relevant for the atmospheres with
large redshifted line emission and sunquakes requiring a very
strong moment deposition to a lower atmosphere and solar in-
terior to produce the ripples (Kosovichev & Zharkova 1998;
Zharkova 2008; Donea 2011; Zharkova & Zharkov 2015).

In this paper, we consider flaring atmospheres heated by
short pulses of powerful particle beams, which keep them
heated for rather long periods of time lasting 1-1.5 hours af-
ter the beam offset before they are fully cooled off to pre-flare
conditions (Somov et al. 1981; Duijveman et al. 1983; Fisher
et al. 1985b; Zharkova & Zharkov 2007). These shocks sub-
sequently travel with supersonic speeds for about 40-50 sec-
onds towards the flaring photosphere and the interior beneath
(Macrae et al. 2018). The HD shocks are shown to induce
acoustic (and magneto-acoustic) waves in the solar interior,
which are seen as ripples on the solar surface, or sunquakes
(Zharkov 2013). The shock speed profile for the 6 September
2011 flare was evaluated from the simulations and it was com-
pared with the sound speed expected in the solar interior. This
helped to define the key characteristics of the acoustic waves
that have formed in the solar interior by this shock, thus produc-
ing the first successful quantitative interpretation of the simul-
taneous seismic and optical signatures recorded for this flare
from 6 September 2011 (Macrae et al. 2018).

In addition, it was shown (Zharkova & Kobylinskii 1993)
that electron beams can cause essential non-thermal collisional
ionisation and excitation of hydrogen atoms by beam elec-
trons that strongly (by a few orders of magnitude) increase the
excitation and ionisation degree of hydrogen atoms from all
atomic levels. The non-thermal collisions and ionisation com-
bined with plasma heating caused by beam electrons can lead
to an increase in hydrogen line and continuum radiation in a
Lyman, Balmer, and Paschen series that was recently verified
with the detailed radiative hydrodynamic simulations using the
HYDRO2GEN code (Druett et al. 2017; Druett & Zharkova
2018, 2019). The authors confirm the enhancement of Lyman,
Balmer, and Paschen lines and continua of hydrogen atoms in
flares caused by beam electrons. Druett & Zharkova (2019)
show that after the beam is switched off, the high ionisation
degree of a flaring plasma, gained during the beam injection, is
sustained for a very long time by Lyman continuum emission
because of its large opacity. This leads to a long enhancement
of hydrogen ionisation in flaring atmospheres and an increase
of Lyman -α and β line emission in the line cores and wings
(Druett & Zharkova 2019).
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Using the radiative hydrodynamic model HYDRO2GEN
allowed us to naturally explain the earlier wide-spectral fil-
ter Hα line observations with large (2-5 Å) redshifts (e.g.
Ichimoto & Kurokawa 1984; Wuelser & Marti 1989) by the
propagation of hydrodynamic shocks that formed in flaring
atmospheres as the result of the injection of electron beams
(Druett et al. 2017; Druett & Zharkova 2018). However, these
large redshifts cannot be seen by modern instruments with nar-
row (±1.5Å) spectral windows (Druett et al. 2017; Druett &
Zharkova 2018) that explains the frequently reported delays
of the order of 30 s for the appearance of Hα-line emission
with respect to HXR emission in powerful flares (Kaempfer &
Magun 1983; Veronig et al. 2002; Radziszewski et al. 2011).
Moreover, the simulations with the HYDRO2GEN code also
accounted for the close timing and locations of HXR and
WL emissions seen in the solar flares on the limb (Martı́nez-
Oliveros et al. 2012), indicating the very close heights and
timing of formation of these emissions in flaring atmospheres
that was interpreted by the increased non-thermal ionisation
of hydrogen atoms by beam electrons (Druett & Zharkova
2018), maintained by radiative transfer in the Lyman contin-
uum (Druett & Zharkova 2019).

In the current paper, we use the properties of flaring atmo-
spheres that are heated by particle beams, which are linked to
detected Hα kernels and sunquakes in the 6 September 2017
flare, and simulate the hydrodynamic responses of these at-
mospheres to the injection of particle beams whose physical
parameters can be tested with the observed EUV, Hα, white
light, and seismic signatures. These simulations were extended
to the investigation of the production of seismic waves by using
the hydrodynamic shocks that were generated in flaring atmo-
spheres (HD models 1) as the initial condition for the hydro-
dynamic models 2, which were applied for the generation of
acoustic waves in the solar interior. This approach allows us to
obtain the sets of acoustic waves in the interior and to detect
their first bounces from the solar surface, or ripples, observed
as sunquakes in the vicinity of these flaring atmospheres.

The hydrodynamic model 1 of flaring atmospheres heated
by particle beams are discussed in Section 2. The hydrody-
namic shocks and their role in formation of hydrogen Hα emis-
sion with large redshifts and white light emission are discussed
in Section 3. The hydrodynamic models of acoustic wave for-
mation in the solar interior are explored in Section 4, and a
general discussion of the results and conclusions are drawn in
Section 5.

2. Hydrodynamic heating of flaring atmospheres

The plasma of a flaring atmosphere is heated by the injection
of particle beams, which are injected into the QS chromosphere
from the primary energy release point in the corona, and precip-
itate from the top boundary with the heating function derived
from the flux conservation equation (Brown 1971), the conti-
nuity equation (Syrovatskii & Shmeleva 1972), or the Fokker-
Planck equation (Gordovskyy et al. 2005; Siversky & Zharkova
2009). The beam electrons are assumed to heat the cold ambi-
ent chromospheric plasma, sweeping it as a piston to deeper
atmospheric levels (Syrovatskii & Shmeleva 1972). This heat-

ing prompts a hydrodynamic response of the ambient plasma,
thus turning the QS chromosphere into a flaring atmosphere
(Somov et al. 1981; Zharkova & Zharkov 2007).

2.1. Brief summary of the detected flaring events

The X9.3 flare on the 6 September 2017 started at 11:55:37 UT
at the solar disc location S09W34 and comprised two flaring
events: flaring event 1 (FE1) starting at 11:55:37 UT and flar-
ing event 2 (FE2) starting at 12:06:40 UT, which are described
in Paper 1 (Zharkov et al. 2020). The non-linear force-free field
(NLFFF) restoration of the magnetic field in the active region
12673 prior to the X2.2 flare followed by 3D MHD simula-
tions of magnetic field dynamics during the two solar flaring
events of X-class, occurring on 6 September 2017 (Inoue et al.
2018), revealed that after the X2.2 flare and prior to the X9.3
flare that three magnetic flux ropes (MFRs) formed with very
braided and twisted magnetic structures as shown in Fig. 1a.
The places where the three magnetic flux ropes are embedded
into the photosphere, or the rope footpoints referred to as F1-
F6, are close to the locations of the four sunquakes shown in
Fig. 1b as detected in Paper 1.

We intend to explore physical conditions in the flux ropes,
which produced four (possibly five) seismic sources; the loca-
tions of which are indicated by the asterisks in the HMI white
light image in Fig. 1b. The asterisks indicate the locations,
from which the time-distance diagrams of sunquakes (seismic
sources 1-3) or holography sources (1-4) were obtained. The
Hα kernels 1 and 2 were detected in the locations of seismic
sources 1 and 2 in flaring event 1. Additionally, Hα kernel 3
was detected in the same location as seismic source 2, but dur-
ing the flaring event 2, when we suggest the potential seismic
source 5 is likely to occur.

2.2. Heating by particle beams

This flare had at least four flaring events detected in Ly α
line emission, which were observed without spatial resolu-
tion by GOES and LYRA instruments with soft X-ray (SXR)
and Lyman-α light curves, indicating the times for each event
(Hochedez et al. 2006; Dominique et al. 2013). From these flar-
ing events, we investigated two events FE1 and FE2. For FE1,
we have high energy HXR and gamma-ray (GR) observations
by the KONUS/WIND payload without any spatial resolution
(FE1)(Lysenko et al. 2019). There were no HXR observations
for FE2. The only HXR observations by the RHESSI payload
(spatial resolution 2”) were obtained more than one minute af-
ter the FE2 onset. Hence, we had to use the areas on Hα kernels
to account for the areas of footpoints where particle beams pre-
cipitate and produce HXR emission reported by the KONUS
payload. Then we linked these Hα kernels by times of oc-
currences and locations to the locations detected sunquake 1
(SQ1), sunquake 2 (SQ2 ), and sunquake 3 (SQ3) for FE1 and
hypothetical SQ 5 for FE2.

Thus, in order to derive the specific conditions in the at-
mospheres leading to the observed seismic sources 1-3, which
are associated with FE1, we involved Hα kernels observed with
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(a) Three magnetic ropes (b) Seismic sources S1-S4

Fig. 1. Magnetic flux ropes formed prior to the 9.3X flare of 6 September 2017 derived from NLFFF magnetic field reconstruction and MHD
simulations by Inoue et al. (2018). (a ) The locations of four sunquakes detected for the flare (b) adopted from Paper 1.

high spatial resolution (0.06”) by the CRISP/SST instrument,
giving us the areas of the footpoints and characteristics of the
seismic sources themselves. Based on the observations during
the flaring event 1 when three seismic sources were detected
with strong HXR and GR emission (both continuous and nu-
clear lines) by the KONUS payload without any spatial reso-
lution (Lysenko et al. 2019), which indicates the presence of
electrons as well as protons and ions that heat the flaring at-
mospheres, we need to consider the mixed beams that are in-
jected into these footpoints with an equal proportion of elec-
trons (50%) and protons (50%), in the absence of any tools to
assume otherwise, which can produce the overall HXR and GR
emission observed at this event.

We used the averaged in time HXR energy spectrum, which
was derived from the KONUS instrument, from which we de-
rived the averaged spectral index of four and the total power of
the beam of about 1.1·1031 erg (see discussion in Lysenko et al.
2019, p.11). Moreover, in the discussion of their paper Lysenko
et al. (2019) report that during the initial impulsive phase, the
lower energy part of the HXR spectrum revealed the soft-hard-
soft (SHS) pattern, indicating that the beam heats the flaring
atmospheres in this event. We conclude that this beam had to
have a large initial energy flux, increasing and decreasing in
time as a triangle function following the kinetic Fokker-Planck
solutions (Zharkova & Gordovskyy 2006), indicating that the
SHS pattern in HXR energy spectrum has a presence of strong
return currents if the beam energy flux becomes much higher
than 1 · 1011 erg · cm−2s−1.

Flaring event 1 was induced by the mixed beam with a total
energy of 1.2 · 1031 erg by using the observed areas of Hα line
kernels 1 and 2, by assuming that the area of the footpoint for
the Hα kernel 3 was similar to that in kernel 2, and by looking
at the shapes of Hα line profiles, or their blue wings, seen in all

three kernels, as derived in Paper 1 (Zharkov et al. 2020), the
initial energy flux of the beam to vary between (8 − 12) · 1012

erg · cm−2s−1 depending on the area of a particular kernel or
seismic source. In the absence of other options, we still can use
a spectral index of 4 for these beams which were derived from
the KONUS observations.

Due to the fact that the very strong sunquake 2 was detected
in kernel 2 in footpoint F4 (southern footpoint of the green
rope) indicating a strong shock and using our previous simula-
tions of Hα line profiles affected by strong shocks (Druett et al.
2017; Druett & Zharkova 2018), it looks very likely that a very
intense mixed beam was injected into this footpoint, where pro-
tons can deliver the sufficient momentum to lower atmospheric
levels and electrons of this mixed beam can also account for
the increase of Hα line emission in this location. The Hα line
profile observed in kernel 2 has a lower intensity of the blue
wing than in kernel 1, while its area is close to that of kernel 1.
This indicates that the blue wing in kernel 2 is located further
from the line core than in kernel 1 and the redshift in kernel 2
is larger than in kernel 1, for example, meaning that the mixed
beam in kernel 2 should have a higher initial flux than in kernel
1. Hence, we suggest that the initial energy flux of the beam in
kernel 1 can range from (7 − 9) · 1012 erg · cm−2s−1.

For flaring event 2 and from a comparison of the blue wing
intensities and shapes observed from Hα kernels 2 and 3, it is
possible to suggest that the beam with similar parameters as in
Hα kernel 2 could be injected into the atmosphere produced at
12:06:40 UT in Hα kernel 3 in footpoint F5 of the blue rope,
which was 10 minutes later than Hα kernel 2 in seismic source
2. RHESSI started its observation at 12:08 UT, so we can only
use the electron parameters derived from RHESSI for general
guidance, assuming sympathetic flares occur in succession in
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the same magnetic configurations, but not for a direct deriva-
tion of the energetic particle parameters.

Based on the observations of strong hard X-ray emission
in FE1 and assuming the similar input in FE2, which is based
on the similarity of Hα line blue wings in kernels 2 and 3,
we assume that flare emission in both of the flaring events
was produced by the injection of sub-relativistic mixed beams
with power-law energy distributions and initial energy fluxes of
(8 − 12) · 1012 erg · cm−2s−1 and a spectral index of 4. These
beams are assumed to produce heating of flaring atmospheres
in Coulomb collisions (Brown 1971; Syrovatskii & Shmeleva
1972). The beam parameters can be further tuned by the fit to
the Hα line profile observed in kernels 1- 3, which is discussed
in Section 3.

2.3. Hydrodynamic response of flaring atmospheres

For the physical conditions of flaring atmospheres, we use the
models of hydrodynamic responses of the ambient plasma to
short pulses of energy deposition by very intense energetic
electron or mixed beams precipitating from the corona to the
lower atmosphere (hydrodynamic model of type 1 discussed
in the Introduction) (Somov et al. 1981; Zharkova & Zharkov
2007). The hydrodynamic model considers two energy equa-
tions (for electron and ion components), momentum and con-
tinuity equations, to describe the ambient plasma response to
heating by beam electrons (Somov et al. 1981; Zharkova &
Zharkov 2007) using a Lagrangian coordinate ξ. Plasma heat-
ing is caused by particle beams (Syrovatskii & Shmeleva 1972;
Gordovskyy et al. 2005) and plasma cooling is caused by vis-
cosity, or the motion between electrons and ions (Somov et al.
1981; Zharkova & Zharkov 2007). We consider the radiative
energy losses in the corona (Cox & Tucker 1969) and by hy-
drogen emission in the chromosphere (Zharkova & Kobylinskii
1993; Kobylinskii & Zharkova 1996).

These models have the initial conditions of a quiet Sun
chromosphere starting from a column depth just below the
quiet Sun’s transition region (ξ = 1017 cm−2) down to the
beginning of the upper photosphere (ξ = 1022 cm−2). Details
regarding these initial conditions are given in Somov et al.
(1981), and they include (a) a constant temperature of 6,700K
derived from semi-empirical calculations shown by a straight
line in Fig. 2a, (b) hydrostatic equilibrium v(0, ξ) = 0, and (c)
a density distribution is defined by the straight line in the loga-
rithmic plot of Fig.2b. The numeric method for calculating the
hydrodynamic response in a flaring atmosphere to the injection
of power-law beam electrons is described in detail in the previ-
ous papers (Somov et al. 1981; Zharkova & Zharkov 2007).

The duration of beam injection was chosen to be 10 s, the
initial energy flux of a beam varies as a triangular function in
time, with a maximum of between 5 s and 6 s (Zharkova &
Zharkov 2007). After solving the system of four partial differ-
ential equations with the initial and boundary conditions for a
precipitating electron beam with given parameters (initial en-
ergy flux F0 and spectral index γ), we obtain time-dependent
distributions of electron Te and ion Ti temperatures, ambient
plasma density T , and macrovelocities v.

The heating of the QS chromosphere by a short pulse of
a very intense beam of electrons or protons, or mix of them
(type 1 model) (Somov et al. 1981; Duijveman et al. 1983;
Zharkova & Zharkov 2007; Druett & Zharkova 2018), is shown
to sweep the ambient plasma to the lower atmosphere, forming
a new flaring atmosphere with a new corona, transition region,
and chromosphere. This sweeping is followed by the plasma
evaporation back to the corona combined with the formation of
low-temperature condensation in the chromosphere moving as
a shock to the photosphere. Hydrodynamic heating in the two
other types of models (preheated and isotropic) would result
in mild chromospheric plasma evaporation without sweeping,
combined with the less intense shock moving downwards to
the lower atmosphere with much smaller velocities and depths
above the surface where these shocks occur instead reaching
the solar interior (Polito et al. 2016; Fisher et al. 1985c,b;
Allred et al. 2005; Kennedy et al. 2015; Bradshaw & Cargill
2006), which are not relevant for the atmospheres associated
with sunquakes.

2.4. Simulation of hydrodynamic responses

Hydrodynamic responses of flaring atmosphere caused by 10-
second pulses of intense particle beams (either mixed or pure
electrons) are shown to lead to quick sweeping of QS chro-
mosphere plasma towards the photosphere and beneath, form-
ing hydrodynamic shocks, which are shown to first move with
large velocities towards the solar interior and to later return to
the pre-flare conditions. The phases of this process include the
initial heating by beam particles in Coulomb collisions lasting
10 seconds after the beam onset, which produces a hydrody-
namic response of the ambient plasma to this heating followed
by the slow cooling off of the ambient plasma and its return
to the pre-flaring position and conditions. Hydrodynamic re-
sponses start to develop over a minute after the beam onset and
last up to an hour because of a larger characteristic hydrody-
namic time (order of 30 seconds) caused by thermal diffusion
(Shmeleva & Syrovatskii 1973).

Hence, the hydrodynamic simulations for the flaring atmo-
spheres heated by a mixed beam in the footpoints associated
with the seismic sources 2 and 3 are plotted in Fig.2 (left col-
umn). We also ran the other hydrodynamic simulations with
lower initial energy fluxes of 1011 erg · cm−2s−1 and 1010

erg · cm−2s−1 (see the plots in Druett & Zharkova 2018, not
shown here) reduced by a few orders of the magnitude down
from the initial energy flux of 1013 erg · cm−2s−1 used for
this flare and shown a comparison of the simulated and ob-
served Hα line emission for all three hydrodynamic models.
For a comparison of the current conditions for sunquake 2 in
6 September 2017 flare with the conditions of the sunquake
formation in the flare of 6 September 2011, in Fig. 2 (right col-
umn) we present the hydrodynamic models simulated for the
injection of an electron beam with the initial energy flux of
4.3 · 1011 erg · cm−2s−1 and spectral index of 4 (Macrae et al.
2018). These two hydrodynamic models can provide important
insight into the mechanisms of formation of the acoustic signa-
tures in two flares discussed in Section 4.2.2.
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It can be noted that the hydrodynamic responses induced by
a mixed beam (Fig.2, left column) in the flare from 2017 and
by the electron beam (Fig.2, right column) in the flare from
2011 are very different despite the fact that they both show a
quick increase in the kinetic temperatures within the first 5 sec-
onds after the beam onset. However, compared to the initial
chromospheric temperature of 6700K, the mixed beam causes
a much stronger increase of the kinetic electron temperature in
the corona up to 40 million Kelvin (MK) (Fig.2a), while the
kinetic temperature growth caused by a less intense beam in-
creases only to 10 MK. The ambient plasma density in the at-
mosphere heated by either beams (Fig. 2b) is significantly re-
duced in the flaring corona from the initial QS chromospheric
magnitude (1010 cm−3) to 109 − 108 cm−3, to form the new
corona of a flaring atmosphere (Somov et al. 1981). As ex-
pected, during the time of the beam injection (10s), there is
also a larger reduction of the coronal density because a larger
amount of plasma was swept by a precipitating mixed beam
compared to the electron one (see Fig. 2b). These trends are
similar to the hydrodynamic models that are heated by elec-
tron beams with the same parameters reported by Fisher et al.
(1985c,b).

This stronger plasma sweeping in the flaring atmosphere
by the mixed beam leads to a faster speed of chromospheric
plasma evaporation back to the corona that approaches 1600
km/s compared to 1300 km/s for an electron beam as shown in
Fig. 2c (compare the left and right plots). Furthermore, the fast
dynamics of the coronal plasma heating by a mixed beam leads
to very strong, explosive evaporation (with velocities above
1500 km/s) of the chromospheric plasma to the coronal lev-
els up to 8000 km above the surface, while the electron beam
would cause much milder evaporation to the heights of about
1500 km above the surface approaching the macrovelocities
just above 1200 km/s.

The upward motion of the flaring plasma is reflected in
the macrovelocity plots (Fig. 2c), showing negative (upward)
macrovelocities that correspond to the evaporation of chro-
mospheric plasma to the newly formed corona at the column
depths between 1017 and 1019 cm−2. This evaporation lasts for
1000-2000 seconds even after the beam stops expanding with
the increasing velocities upwards to the QS corona (Somov
et al. 1981; Fisher et al. 1985c,b; Zharkova & Zharkov 2007).
The evaporation velocities range from a few tens of km·s−1 (at
1s) up to 1500 km·s−1 (at 30−100 s). As shown earlier (see sec-
tion IV and Fig. 5 in Fisher et al. 1985b), these high upflow
velocities naturally appear in the gasbag models (Somov et al.
1981; Fisher et al. 1985b; Zharkova & Zharkov 2007). These
higher velocities of evaporation are larger than those measured
in the EUV observations of the older missions (Doschek et al.
1979; Antonucci et al. 1982; Zarro et al. 1988) as well as by
the modern instruments, such as EIS/Hinode, the Atmospheric
Imaging Assembly (AIA/SDO) (Lemen et al. 2011), or the
EUV variability Experiment (EVE/SDO) (Woods et al. 2006;
Doschek et al. 2014; Milligan et al. 2014; Milligan 2015).

However, the lack of observations with high upflow veloc-
ities above 1000 km/s can occur for a few reasons: a) the dy-
namic range of the CCD sensors whose extra-exposure time
during a flare onset, if not reduced, can lead to the over-exposed

emission in hot coronal lines, where such large upflow veloc-
ities are expected to occur; b) the coronal density at the upper
heights where these velocities occur becomes too low, as shown
by hydrodynamic simulations (Fig.2b), so the abundances of
hot ions with a large upward motion on the line of sight are not
sufficient to produce a notable emission, so that the emission
measures are too weak, and c) the lines selected by the EUV
instruments can only observe lower temperature plasma that
formed at the lower corona where the macrovelocitis are re-
stricted up to 400 km·s−1 (Doschek et al. 2014; Milligan 2015).

While the theoretical hydrodynamic temperature and
macrovelocity curves show a strong increase in the temperature
up to 40 MK and macrovelocities exceeding 1400 km/s, these
cannot be observed by the modern instruments with restricted
dynamic ranges of physical parameters aimed at the hot plasma
of lower solar corona and the transition region, or because of
lower densities of the flaring corona plasma after it was swept
by very powerful particle beams. Evidently, after the beams are
switched off, the plasma cooling in the upper atmosphere that
is heated by mixed beams (left column) is much slower than
in the atmosphere that is heated by the electron beam (Fig. 2,
compare left and right columns). Thus it would be beneficial
to observe the emission in these hot coronal levels in very hot
lines, allowing one to catch large plasma upflows with the fu-
ture instruments for SXR observations of hot coronal plasma
with wider energy ranges.

Besides large upflows, the abrupt energy deposition by
super-energetic particle beams within a short timescale of 10
seconds leads to a formation in the flaring chromosphere of
low temperature condensations, which move downwards to the
photosphere and interior with supersonic velocities as shocks,
thus producing large downflows (Somov et al. 1981; Zharkova
& Zharkov 2007; Zharkova & Zharkov 2015). By comparing
the panels in Fig.3 for different times after the beam injec-
tion, it is evident that the higher the initial energy flux the
larger the speed of a shock produced by hydrodynamic re-
sponse. For example, for the mixed beam, the shock velocities
of 50 − 100 km·s−1 are reached just 1 second after the beam
onset (see Figs. 2c and 3a), while after 5 seconds these veloc-
ities sharply increase to 200 − 250 km·s−1 for a weaker beam
(see Figs. 2c, right plot and 3a) and 380-400 km/s for a more
intense beam (see Figs. 2c, left plot and 3b. The plasma of the
shocks has slightly (up to 104 K) increased temperatures and
much larger densities (a factor of 1013 cm−3 up to 1014 cm−3)
for the most powerful mixed beam (Fig. 2b, left plot).

Hence, these shocks have large densities and high macrov-
elocities that are capable of delivering very large momenta to
the lower atmosphere and solar interior. It is important to de-
termine how deeply these shocks can travel into the QS solar
atmosphere. For a comparison, in order to clarify this point,
in Fig. 4, we present the relationship between the linear depth
of the quiet Sun (axis Y) versus the column depth of a flar-
ing atmosphere (axis X) for the beams with the initial fluxes of
1012 erg/cm2/s (a) and 1011 erg/cm2/s (b). It is evident that
the weaker beam in Fig. 4b sweeps the ambient plasma down-
wards to a column depth of 1-2 units of 1019 cm−2 or a particle
density of about 1013 cm−2 that is just close to the quiet Sun
surface if compared with the linear depth, which is shown in
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Fig. 2. Column depth dependencies of electron kinetic temperature, K (top row), ambient plasma densities, cm−3 (middle row), and plasma
macrovelocities, km·s−1 (bottom row) simulated as hydrodynamic responses to the injection of power-law particle beams with the initial energy
flux of 1.0 × 1013 erg·cm−2·s−1 and the spectral index of 4 (left column) and with the initial energy flux of 4.3 × 1011 erg·cm−2·s−1 and the
spectral index of 3.5 (right column).
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Fig. 3. Left panel: Close-up look at the macrovelocities of the shocks produced by electron beams in the first 2 s (a) and 5 s (b) after the beam
onset for different initial energy fluxes and the same spectral index of 3.

(a) Linear depths for F12 model (b) Linear depth for F11 model

Fig. 4. Linear depths (Y-axis) versus column depths (X-axis) of hydrodynamic responses of a flaring atmosphere to the injection of a beam with
the initial flux of f 1.0 × 1013 erg·cm−2·s−1 (left) 1.0 × 1011 erg·cm−2·s−1 (right) and a spectral index of 3.0. Note that the zero point in axis Y
indicates the position of the quiet Sun photosphere.

Fig. 4. While the stronger beam shown in Fig. 4a has much
greater power, it thus sweeps the ambient flaring plasma down
to the column depth of 1020 cm−2 with a density of a factor
of 1013 cm−2 that is below the QS solar surface, appearing in
the solar interior. Hence, both shocks move with a supersonic
speed into the deep solar interior.

Therefore, the shock produced by a more intense beam
(Fig.4a) starts its motion deeper in the interior than the shock
driven by the weaker beam (Fig. 4b), and it has a larger den-
sity. Thus, the larger shock delivers larger momentum while
moving from the deeper interior depth. This means that the
weaker beam forms a shock just beneath the photosphere and
this shock travels with a supersonic speed in the solar inte-
rior at a distance of <1000 km when it travels with the speed

higher than the local sound speed (Zharkova & Zharkov 2007;
Macrae et al. 2018). In contrast, the more intense beam, which
sweeps the ambient plasma much deeper into the solar interior,
forms the shock inside the solar interior at a closer depth to
the solar surface and it travels with a supersonic speed for the
larger distance >1000-1500 km in the solar interior (Zharkova
& Zharkov 2015). These differences in the depth of deposi-
tion, velocity, and density of the shocks affect the conditions
for formation of acoustic waves in the solar interior. The inves-
tigation of the shocks derived for the physical conditions in the
6 September 2011 and 2017 flares is presented in Section 4.
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2.5. Probing hydrodynamic results with the EIS
observations

The HD models that are heated by the mixed beam produce,
within 5-15 seconds, very fast heating of a flaring atmosphere
above 40 MK, which may explain an early brightening of flar-
ing atmosphere in 1700 Å leading to its over-exposure of this
AIA emission. For the HD model that is caused by the power-
ful mixed beam, the EUV emission can be observed by the EIS
instrument in He II and Fe XXIII emission at the very begin-
ning of the flare onset if the flaring atmosphere temperature ap-
proaches the temperature range suitable for the radiation tem-
peratures of these transitions: 7-20 million K for Fe XXIII and
about 105 K for the He II line. It can be seen that the tempera-
ture magnitudes that are favourable for this Fe XXIII emission
appear immediately during the beam onset and continue to ex-
ist after the beam offset, while at 15-30 seconds from the be-
ginning of the event, the atmosphere cools to a few million K
shown by the dark red and purple lines in Fig. 2a. The emission
of the He II line is expected to appear in this model a bit (30-
50 seconds) after the beam offset. At the time of 50 seconds,
the hydrodynamic shock velocity is also reduced if it is heated
by a mixed beam (see Fig.2c, left plot) or if this shock starts
returning to the pre-flare atmospheric level if it is heated by an
electron beam (compare the left and right plots of Fig.2c).

The explosive evaporation of the plasma heated by a mixed
beam starts from the very first seconds of observations with
high macrovelocities of 100 km·s−1 (see Paper 1 Zharkov et al.
2020), similar to the macrovelocities simulated in the lower
flaring corona (Fig.2c, left column) for a mixed beam, and ap-
proaching the velocities of 400-500 km·s−1 only 5 seconds af-
ter the beam onset. Later these macrovelocities are reduced to
250 km/s at 30-50 s after the event onset when these magni-
tudes are observed by the Fe XXIII line (shown in Figs. 10-12
in paper 1). As shown in paper 1, the spectrograms for the Fe
XXIII 263.76 Å line for event 1 occurring in the FP3 of seis-
mic source 1 reveals the large blueshifted velocities of the up-
flows of 400 kms−1, which are similar to the simulated veloci-
ties for heating by a mixed beam (blue line in Fig. 2c, left plot).
Moreover, for SQ2 the blueshifts in the line of Fe XXIII 263.76
Å show the macrovelocity of explosive evaporation, exceeding
400 km/s much faster than in the atmosphere with SQ1, which
indicates a stronger shock occurring in the location of SQ2.
This, in turn, led to the observation of secondary ripples, or
the additional ridge in the time-distance diagram, constituting
a double bounce of acoustic waves in the interior beneath the
flare.

This is combined with the downflows of > 100-200 kms−1

seen in the He II spectrograms associated with SQ1 and SQ2.
The EIS observations in He II 256 Å in SQ1 and SQ2 locations
appear 30 s after the onset of FE1 confirming that the starting
time of SQ1 and SQ2 is 20-25 s earlier than the redshift in the
He II line. This redshift exists for about a minute, as is shown
in the bottom first three plots in Figs. 9 and the three plots from
the right in Fig.10 in Paper 1. It can be noted that this He II line
first captures the downflows, which after a minute or so are fol-
lowed by upflows when the swept plasma starts returning to the
pre-flare positions with the magnitudes of macrovelocities that

are close to those predicted by the hydrodynamic (HD) simula-
tions for the heating by a mixed beam (in SQ1 and SQ2) shown
in Fig. 2 (left column). It can be seen that the blue line shifts
show the upward macrovelocities in Fig. 2c, which approach
400 km/s.This is similar to what was measured in Paper 1 by
the EIS instrument for the location of seismic source 1. At the
same time, the downward motion that was modelled for this
event also reaches the macrovelocity of 150-200 km/s (purple
line in Fig. 2).

However, the He II 256 Å spectrograms with a Doppler
velocity taken in the location of a largest sunquake described
in Paper 1 reveal that, similar to the simulations shown in the
left plot of Fig. 2c, the redshifts appear 15-20 seconds after
the plasma started cooling off to the temperature when the He
II emission becomes observable and their velocities approach
several hundred kms−1. The simulated and measured blueshifts
start from 150 km/s and approach 300 km/s within a short
timescale of 15-30 seconds. The observed redshifts in an excess
of 250 kms−1 are well-correlated with the appearance of the
largest sunquake 2 and the redshift in the Hα kernel 2 in foot-
point FP4, which is associated with the green magnetic rope
(see Fig. 1).

Also in flaring event 2, the EIS in He II 254 Å observed
both blueshifts up to 200 kms−1 as reported in Paper 1, while
the redshifts in excess of 150 kms−1 are well-correlated with
the possible sunquake 5 and Hα kernel 3, which seem to have
a similar heating and seismic response as in seismic source 2.
These observations can still be explained by the hydrodynamic
simulations of the atmosphere heated by the powerful mixed
beam, as shown in Fig. 2 (left column).

3. Radiative response of hydrogen atoms

3.1. Description of radiative model

Based on the hydrodynamic models calculated above, our other
papers (Druett et al. 2017; Druett & Zharkova 2018, 2019),
and in taking into account that the characteristic hydrodynamic
time (30 s) (Shmeleva & Syrovatskii 1973; Somov et al. 1981)
is much longer than the characteristic radiative time (a fraction
of a second) (Shmeleva & Syrovatskii 1973), one can apply the
radiative models for hydrogen emission to the hydrodynamic
models calculated for each second. The hydrogen emission in
a flaring atmosphere was calculated using the second part of
the HYDRO2GEN code utilising a full non-LTE approach for
a five level plus continuum hydrogen model atom considering
radiative transfer in the Lyman series, Lyman continuum, as
well as in Balmer and Paschen ones (Druett et al. 2017; Druett
& Zharkova 2018, 2019).

We consider the hydrogen atom excitation and ionisation
by thermal and beam electrons as well by external and dif-
fusive radiation (radiative transfer). The radiative transfer and
statistical equilibrium equations were solved numerically by it-
erations defining the source functions in each atomic transition
and ionisation degree of hydrogen atoms (Druett & Zharkova
2018) in the atmosphere at any given instant during the hy-
drodynamic response. The solutions of the radiative transfer
equations were found using the L2 approximation introduced
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by Ivanov & Serbin (1984). The simulated Hα line intensities
were calculated from the source functions derived for atomic
transitions between levels 3 and 2 using Voigt’s absorption pro-
files (Druett & Zharkova 2018).

For non-thermal hydrogen excitation and ionisation rates
by beam electrons, the analytical formulae derived by Zharkova
& Kobylinskii (1993) were used. The authors showed that non-
thermal collisional excitation and ionisation rates of hydrogen
dominate above the thermal ones in flaring atmospheres from
the chromospheric depths just below the transition regions (see
Fig. 3 in Zharkova & Kobylinskii 1993). The stimulated photo-
excitation by external radiation, de-excitation, and ionisation
rates by thermal electrons for given physical conditions in flar-
ing atmospheres were also taken from Zharkova & Kobylinskii
(1993).

3.2. Simulated Hα line profiles and their fits to
observations

In the X9.3-class flare on 6 September 2017 for flaring event 1,
we managed to detect a noticeable increase of Hα line emission
in the two Hα kernels 1 and 2, and for the flaring event 2 in Hα
kernel 3. However, the extracted emission line profiles in ker-
nels 1-3 were rather unusual as the emission increased with the
wavelengths over 3 Å (spectral window of the CRISP instru-
ment) as reported in Paper 1 (Zharkov et al. 2020). The Hα-
line profile derived in kernel 1, coinciding with seismic source
1, is located in footpoint F3 at the northern end of the green
magnetic rope (see Fig. 1a). We note that Hα-line kernel 2 was
co-temporal with seismic source 2 and it is located in footpoint
F4 at the southern end of the green magnetic rope in Fig. 1a. No
Hα-line kernels were detected in the location of seismic source
3, which has the most peculiar dynamics that will be described
in a forthcoming paper. The Hα line emission in kernel 3 oc-
curred in the location that is close to that of seismic source 2,
but during flaring event 2 about 10 min later than in kernels 1
and 2. We assumed that in kernel 3 there should also be a seis-
mic source 5, which occurred in the location close to F4 during
FE2.

In general, the hydrodynamic radiative simulations of hy-
drogen emission show that during the flare and at the very
first few seconds after the beam onset, Hα becomes an emis-
sion line revealing a strong increase in the central and wing
emission caused by enhanced ionisation and excitation induced
by energetic power-law electron beams (Druett et al. 2017;
Druett & Zharkova 2018). Furthermore, in the very first sec-
onds, Hα line profiles become strongly redshifted, as is shown
in Fig. 5. These line profiles, calculated for different particle
beam parameters, were similar to what has been observed in
the past in the other flaring events with spectral windows of
±8 Å (Ichimoto & Kurokawa 1984; Wuelser & Marti 1989).

By looking at the observed Hα-line profiles reported in pa-
per 1 (Zharkov et al. 2020), we recognised that in kernels 2 and
3, the profiles are clear blue wings; there is a far wing in kernel
2 and a near wing in kernel 3. In kernel 1, the observed Hα line
profile can be considered at first to be the regular profile with
self-absorption and to be a strongly increased red horn in the

line core reported previously for near stationary and slightly
moving atmospheres (Ding & Fang 1996; Kuridze et al. 2015;
Druett et al. 2017). However, it turns out that this is not the
case because of the very strong intensity of the whole emission
and, particularly, due to the red wing of the profile, which is
higher than the Hα line profiles even in the cores simulated for
weaker beams. Furthermore, the observed Hα line intensity in
kernel 1 still increases as it reaches the edge of the available
wavelength window (+1.5Å). However, based on the features
present in the observation profile, it is certainly likely that we
observed the near blue wing of the line since the line may not
be so greatly redshifted as in kernels 2 and 3.

For these reasons, we calculated the Hα-line profiles pro-
duced from hydrogen atoms by combined thermal and non-
thermal excitation and ionisation by beam electrons in flaring
atmospheres that are heated by: 1) a mixed beam with the initial
energy flux of 1.0 × 1013 erg·cm−2·s−1 (model F13), the spec-
tral index of 4 as derived for flaring events 1 and 2 in Paper 1
(Zharkov et al. 2020), and 2) electron beams with much smaller
initial energy fluxes of 1.0×1011 erg·cm−2·s−1 (model F11) and
1.0 × 1010 erg·cm−2·s−1 (model F10) for the spectral index of
4, in case the electron component in the mixed beam in kernel
1 was somewhat smaller than in kernels 2 and 3. Interestingly,
none of the simulated Hα line profiles show self-absorption in
the line cores unlike what has been reported earlier in weaker
flares (Kuridze et al. 2015; Druett et al. 2017). These unusual
Hα line profiles emitted in the atmospheres affected by stronger
beams are likely to be defined by stronger non-thermal ionisa-
tion of hydrogen atoms. This, in turn, reduces the number of
neutral hydrogen and, thus, the optical thickness in Hα lines,
which makes the line profiles without self-absorption.

It can be seen that the simulated Hα line profiles for any
HD model, as shown in Fig. 5, are mainly dominated by the
downward motion of the hydrodynamic shocks shown in Fig. 3,
which are generated in response to the injection of beam elec-
trons with different fluxes or to the injection of mixed beams
with electrons (shown in Fig. 2c). Depending on the shock ve-
locity, which varies from 40 to 380 km/s, the redshifts in Hα-
line profiles can vary from 1-2 Å (5a), 3-4 Å (5b ), or to >5 Å
(5c and 5d ), which were often observed with spectral windows
of ±8 Å in other flaring events (Ichimoto & Kurokawa 1984;
Wuelser & Marti 1989).

The Hα line profiles simulated for the green rope footpoints
in kernels 1 and 2 for flaring event 1 are based on the hydrody-
namic models simulated for a mixed power-law particle beam
F13 (see Fig. 2, left column) in the flaring atmosphere associ-
ated with seismic source 1 (footpoint FP3 in the northern end
of the green rope in Fig.1) and with seismic source 2 (footpoint
FP4 in the southern end of the green rope), as concluded in
Paper 1. Since this KONUS observation does not have a spa-
tial resolution, we can only rely on the observed kernels of Hα
emission and seismic signatures in the kernel locations for an
evaluation of the parameters of particle beams producing their
emission co-temporally with HXR emission (see sections 2.2
and 2.4). The total energy flux of the high energy emission ob-
served by KONUS in the areas of Hα kernels 1 and 2 was be-
tween (8 − 12) · 1012 erg/cm2/s (or model F13), as derived in
Paper 1.
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(a) Hα kernels vs F10 model
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(b) Hα kernels vs F11 model
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(c) Hα kernels 2 and 3 vs F13 model
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(d) Hα kernels 1 and 3 vs F13 model

Fig. 5. Observed Hα-line profiles in kernels 1-3 overplotted on the Hα line profiles simulated with the HYDRO2GEN code (Druett & Zharkova
2018) in flaring atmospheres produced by the following. (a) An electron beam with a spectral index of 4 and an initial energy flux of 1010

erg · cm−2 s−1. (b) An electron beam with a spectral index of 4 and an initial energy flux of 1011 erg · cm−2 s−1. (c) A mixed beam with a spectral
index of 4 and an initial energy flux of 1013 erg · cm−2 s−1. d) A mixed beam with the same parameters as in c). The observed Hα line profiles
are shown in kernel 1 (blue line), kernel 2 (light blue line), and kernel 3 (green line). The vertical lines show the spectral window ±1.5 Å for
the CRISP/SST Hα line observations.

Since these estimations for the initial energy fluxes of the
beams in flaring atmospheres from the areas of Hα kernels were
not derived directly from the HXR observations, located in the
kernels as well, but on some assumptions about how the total
beam energy was redistributed between a few footpoints where
the SQs and Hα kernels occurred, one can only estimate the
order of magnitude of the initial energy flux of particle beams.
While the exact coefficients in front of the order of magnitude
of the initial energy fluxes can be flexible because they are
somehow dependent on the assumptions. Therefore, we sim-
plified the interpretation by only considering the basic initial
energy flux F13, and we discuss possible deviations of the sim-
ulated profiles from the observed ones, in particular for kernels.

The Hα-line profiles derived at kernels 1-3 are plotted in
different colours on the top of model simulations of these pro-
files, which were calculated for the atmosphere that is heated
by beams with the initial energy fluxes relevant to models F10,
F11, and F13, as shown in Fig. 5. It can be seen that the ob-
served blue wings of Hα line profiles in all three Hα kernels
only fit model F13 at the times of 5 s (kernel 1) and 15 sec-
onds (kernels 2 and 3), while the observed Hα blue wing in-
tensities were much higher than those simulated for the HD
models that were heated by the beams with lower energy fluxes
(F10 or F11). The vertical lines show the spectral window of
CRISP/SST, which demonstrates the limits of the observations
of Hα line profiles with the largely redshifted cores.
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Let us keep in mind that Hα-kernel 2, which occurred at
11:55:50 UT during flaring event 1, is associated with seismic
source 2. The redshift in the simulated Hα line profile of kernel
2 in the hydrodynamic model of a flaring atmosphere, heated
by a strong mixed beam, reaches a maximum of about 5-6 Å
at 5 s, or just after the beam offset, when the downward veloc-
ity of 380 km·s−1 is maximal, while dropping below 300 km/s
after 15 seconds (see Fig. 2c, right plot or Fig. 3a). Hence, the
simulated Hα line profile in kernel 2 is found to be strongly
redshifted by more than 5.0 Å from the central wavelength
(λ = 6563 Å), corresponding to an averaged Doppler veloc-
ity of 268 km · s−1. The core of this Hα line profile cannot be
observed by CRISP because it is strongly redshifted far outside
the CRISP spectral window of ±1.5 Å.

As a result, we infer that the observed Hα-line profiles in
the spectral window of ±1.5 Å only show far blue wings in the
Hα line because the line is strongly redshifted by the shock in-
duced by a mixed beam with the high initial energy flux. Hence,
the observed Hα-line profiles in kernel 2 are close to the sim-
ulations made for the F13 model about 15 seconds after the
beam onset, as shown in Fig. 5d, with a much lower intensity
in this blue wing. For a possible observation of Hα emission by
CRISP in powerful flares, either a fast shift of the spectral win-
dow to the red wing of the line should be used or the observed
Hα line profiles a minute or so after the flare onset should be
used. While for Hα kernel 1, the blue wing fits the line profile
better at 5 s after the beam onset, which might signal the tim-
ing when the beam in this flaring atmosphere reaches footpoint
FP3 where this kernel was measured.

The Hα-kernel 3 was observed at 12:06:48 UT in flaring
event 2, which occurred about 10 minutes after flaring event 1.
The kernel 3 was located close to seismic source 2, so that the
seismic signatures in this location should become overlapped
with those issued in FE1. The observed Hα line profile fits the
simulated Hα line profile rather well that was calculated for
model F13 (see Fig. 5c). The second flaring event was only ob-
served by Lyα and GOES emission and by Hα emission with
the CRISP instrument having a high spatial resolution. We note
that 1.2 minutes after this event, there were HXR observations
by RHESSI payload with the HXR contours located exactly in
the location of Hα kernel 3, which is shown in Paper 1. In the
absence of HXR emission for this event, we can only speculate
that the same magnetic configuration has produced a sympa-
thetic flaring event after FE2, which has accelerated particles
to power law beams with the close parameters as in FE2. By
comparing the observed Hα line profile in kernel 3 with the
simulated ones shown in Fig. 5, we deduce that the best fit is
achieved if the flaring atmosphere in footpoint F4 was heated
by a powerful mixed beam with an initial energy flux of about,
or above, (6 − 8) · 1012 erg·cm−2s−1 (still of the same order of
magnitude as in Hα kernels 1 and 2).

This shock in flaring event 2 should produce a noticeable
seismic response in seismic source 5, which can be compara-
ble with what was observed in seismic source 2 in flaring event
1 that occurred 10 minutes before the flaring event 2. However,
this hypothetical seismic event 5 was obscured by the ripples
from seismic events 2 and 3, thus, it cannot be detected by ei-
ther methods of sunquake detection.

3.3. Simulated Paschen continuum (WL) emission

The temporal variations of white light emission at the WL lo-
cations in Hα line kernels 1 and 3, which were observed from
WL images from the HMI/SDO instrument, can be also com-
pared with the simulated temporal profiles in the Paschen con-
tinuum of hydrogen atoms that were obtained using non-LTE
simulations. It is shown by (Druett & Zharkova 2018) that the
Paschen continuum emission in flares originates in the chromo-
sphere and photosphere, and the beam electrons are the main
agents producing Paschen continuous emission, which is seen
as white light emission. The contribution functions for Paschen
continuum that are responsible for white light emission are pre-
sented in Paper 1, assuming that in WL kernel 1 (Hα kernel 1)
the emission is produced by the beam with an initial energy
flux of (4 − 5) × 1010 (F10) and WL kernel 2 (Hα kernel 3) the
WL emission is produced by the beam with the energy flux of
1013 (F13).

This WL emission occurs because of the strong ionisa-
tion and excitation of non-thermal electrons, which enhance
Paschen continuum contributions at all atmospheric levels
(Druett & Zharkova 2018). It is important to note that, with
the injection of powerful beam electrons and the non-thermal
ionisation by them of hydrogen atoms, the Paschen continu-
ous emission is found not only to be produced in the photo-
sphere, as occurs in the QS, but mostly in the chromosphere,
as is shown in the left plot of Fig. 6 for a moderate beam. The
more powerful beam produces much stronger, in terms of the
two orders of magnitude, Paschen continuum emission in both
the photosphere and the chromosphere. Non-thermal ionisa-
tion of hydrogen atoms by beam electrons is, evidently, the key
process producing the main contribution for white light flares
(Druett et al. 2017; Druett & Zharkova 2018), in general, as
well as for this particular event on 6 September 2017.

Now by looking at the contribution functions of Paschen
continuum produced by beams F10 and F13, one can note
that the intensity of this emission for the F13 beam is more
than an order of magnitude higher than for model F10. This
is governed by a large opacity of Lyman continuum emission
in the F13 model (Druett & Zharkova 2019), which increases
the intensity of all hydrogen continuum emission. In particu-
lar, Paschen continuum emission for the F13 beam is formed
at deeper atmospheric levels and has a much longer existence
compared to that induced by a less powerful beam from model
F10. Since the observations confirm the very intense and long-
lasting white light emission of the flare from 6 September 2017
combined with the fit of Hα line profiles in the kernels for FE1
and FE2, we can confirm that the optical emission in this flare
was produced by a very intense beam.

The emission in the first WL kernel (Fig. 6c) is likely to be
caused by a weak beam as derived from kernel 1 of Hα emis-
sion in Section 3.2, whose line profile is likely produced by
the rather weak beam. Whereas, the second white light kernel
2 (Fig. 6d) was co-spatial to Hα kernel 3 in flaring event 2,
which is associated with a much stronger electron beam that
was injected after 12:06:40 UT. The electron beam in flaring
event 2 produces stronger ionisation of the ambient hydrogen
and stronger Lyman continuum, which controls the continuous
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Fig. 6. Simulated variations of the contribution functions of Paschen continuum (white light emission) derived from a radiative hydrodynamic
model heated by the moderate electrons beam, model F10, (a) and by the powerful mixed beam, model F13 (b) (see the text for more details). It
is important to note the difference in three orders of magnitude between the intensities in the model (F10) and (F13) plots. The comparison of
the light curve of intensity of Paschen emission was generated by a mixed beam with a spectral index of 4 and an initial energy flux of 1× 1013

erg/cm2/s with what was measured from HMI/SDO images in WL kernel 1, coinciding with Hα kernel 1 (c), and in WL kernel 2, coinciding
with Hα kernel 3 (d).
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hydrogen emission in a flaring atmosphere, thus affecting, in
turn, the intensity and duration of the Balmer and Paschen con-
tinua via the opacity of Lyman continuum (Druett & Zharkova
2019).

This logically explains a much slower decrease in the ob-
served white light emission in the second WL kernel (Fig. 6d)
compared to the first one (Fig. 6c). Moreover, it looks like in
WL kernel 2 there were two beam injections following Lyα
light curves, as shown in Paper 1 (Zharkov et al. 2020). This
is revealed in the WL emission by a double maximum, which
may explain the very extended decay of WL emission in this
flaring event that has also been confirmed by other observers
(see, e.g. Romano et al. 2018).

4. Hydrodynamic response of the solar interior

4.1. Theory of acoustic response of the solar interior

Hydrodynamic shocks from the flaring atmosphere discussed
above in Section 2 can be used as the initial condition for an-
other hydrodynamic model developed for acoustic wave prop-
agation in the solar interior (Zharkov 2013). Since the atmo-
spheric hydrodynamic shocks can travel in the solar interior
with supersonic velocities, they generate acoustic (or magneto-
acoustic) waves owing to another hydrodynamic response, this
time of the solar interior to the shock. As is shown by Zharkov
(2013), the vertical shock perturbation moving with a super-
sonic velocity can generate the set of multiple acoustic waves,
from which only the waves with the phase speed exceeding a
certain threshold (see Equation 5.8 in Zharkov 2013) can pro-
duce observable acoustic waves. Using Lamb’s acoustic cut-
off frequency and the sound speed profile from a solar interior
mode, the acoustic wave equation can then be solved either an-
alytically for a polytrope model of the solar interior (Zharkov
2013) or numerically (Shelyag et al. 2009) for Christensen-
Dalsgaard’s model S (Christensen-Dalsgaard et al. 1996), as
described by Macrae et al. (2018).

The source of the deposited impulse, depending on its prop-
erties, generates a family of rays that provides the solution to
the ray equations in phase space and defines the generated wave
front. The acoustic wave packets generated by the initial shock
are contained in a closed cone around the velocity vector prop-
agating in the solar interior and being reflected back to the so-
lar surface, reflection from which secures their detection from
Doppler observations on the surface as evaluated for a poly-
trope model Zharkov (2013). Because the source generating
the waves is located in the interior, the first ray out of all of the
waves generated by the source to reach its upper turning point
defines the minimal distance where the ripple is formed. An in-
dividual ray, which is characterised by a constant frequency, ω,
and a horizontal wavenumber, kh, initialised at a given depth,
generally have two, upper and lower, turning points (see Fig. 1
in Zharkov 2013). The first upper turning point along the ray
defines its first surface appearance (as a first ripple); the lower
turning point indicates where the wave changes its direction of
its motion in the interior by being reflected back to the surface.
Then the propagating ripples correspond to a sequence of the
source-generated acoustic rays from the packet reaching con-

sequently their upper turning points (for more details see also
Macrae et al. 2018).

For a near-surface source, the first surface appearance of
a reflected wave, or the minimal distance from the deposition
point, can be approximated by the ray’s skip distance, ∆. For
the polytrope model of the solar interior (Zharkov 2013), the
minimal skip distance, ∆, or the distance from the point of
the initial impulse deposition to the first ripple occurrence (see
Appendix A1 in Zharkov 2013) is as follows:

∆(kh, ω) = (ω)2πm/(kh)2g = (Vph)2πm/g, (1)

where g is the gravitational constant, g = 2.67×10−4 Mm s−2, m
is the polytrope index, and Vph = w/kh is the horizontal speed
of wave propagation.

In this case, the rays are generated with varying frequencies
above the acoustic cut-off frequency ωac at the source depth
(Zharkov 2013; Macrae et al. 2018). The observations of high-
frequency waves are also limited by the Nyquist frequency,ωN ,
of a given instrument (11.11 mHz for HMI/SDO) and the ca-
dence of the series, meaning that the acoustic waves with a fre-
quency above the Nyquist frequency may not be observed.

Hence, a threshold for the minimal phase speed, vmin
ph , defin-

ing the condition for registering the first ripples on the surface
by the following relation (see Equation (5.8) in paper Zharkov
2013)) can be written as:

vmin
ph =

vc√
(1 − ω2

ac

ω2
N

)v2 − c2

, (2)

where c is the sound velocity and v is the acoustic wave veloc-
ity. The propagation of the surface ripples from a near-surface
source can be determined by the phase speed of acoustic waves
(Zharkov 2013); the minimal skip distance, ∆, can be estimated
from Eq. (1) after a substitution of the minimal phase speed
given in Eq. (2). The minimal skip distance is where these
acoustic waves are reflected by the surface (the upper turning
point) and observed as surface ripples.

Therefore, in order to interpret the observed seismic re-
sponses for this flare, we need to establish the following points:
1) what the depth was in the solar interior where the atmo-
spheric shock is deposited; 2) what the average velocity of the
shock was; 3) how long this velocity exceeded the local sound
speed in the solar interior; 4) how deep the generated acoustic
waves propagate into the solar interior, or how deep their lower
turning points were; 5) with what speed the acoustic waves
travel back to the surface after their reflection in the lower turn-
ing point; 6) the distance from the flare location to the upper
turning point; and 7) the height of the ripples in the upper turn-
ing point, where the waves are reflected from the photosphere
back to the solar interior. The answers to these points will de-
fine whether these acoustic waves are detectable and how they
are detectable, either as ripples or as holographic images only.

4.2. Sunquake properties probed by the acoustic
response models

Hydrodynamic modelling in a flaring atmosphere is discussed
in Section 2.4. These beam-generated shocks entering the sub-
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(a) Shock velocities versus the QS linear depths

(b) Shock velocities versus time after beam onset

Fig. 7. Velocity profiles of the simulated hydrodynamic shocks in seismic event 2 of the 6 September 2017 flare (left column) and in seismic
event of the 6 September 2011 flare (right column) are plotted versus the linear depths under the QS photosphere for different times after beam
injection (top row) and versus the time after the beam onset for different linear depths in the solar interior under the QS photosphere (bottom
row). Zero in the X-axis indicates the position of the QS photosphere, the negative numbers indicate the depth under the photosphere (see text
for details). The solid black line in (a) represents the sound speed in the photosphere.

photospheric layers at a supersonic speed, as shown in Fig.
7, can generate acoustic waves (Zharkov 2013), which can be
seen on the solar surface or photosphere. The acoustic waves
that were generated in the interior are determined by the in-
terior plasma properties at specific depths (e.g. sound speed,
acoustic cut-off frequency) as well as by the shock velocity
and its angle of shock propagation towards the normal (ver-
tical) line to the surface.

4.2.1. Observed properties of the sunquakes

Here, we summarise the expected shock parameters associated
with the detected seismic sources as follows. The three sun-
quakes (SQs) 1, 2, and 3, reported in Paper 1 appear at 11:55:37
UT during flaring event 1. According to the shape of the Hα-
line profile in kernel 1 observed in this location, the speed that
developed by ripples in seismic source 1 can be referred to as
the shock induced by a strong electron or mixed beam with an
energy flux of about (6 − 8) × 1012 erg · cm−2s−1. Whereas, for
SQs 2 and 3, as concluded from the shape of the Hα line pro-
files and the speed of the ripples, one has to assume the shocks

were induced by very powerful mixed beams with the initial
energy flux of (8 − 12) × 1012 erg · cm−2s−1. All three SQs
were detected with the holography method and time-distance
diagrams.

The first signs of a ridge in the TD diagram for SQ1 appear
20-25 minutes after the flaring event 1 onset in HXR and Ly-α
emission. Also, the angle of shock deposition is about -(0−10)◦

from the local vertical according to the directional holography
image. The ripples generated by the shock in seismic source 1
approach the distance of 120 Mm with a velocity of 48 km/s.
Seismic source 3 has a faster phase speed for the propagation
of ripples because its ridge is sharper and approaches a distance
that is 120 Mm faster with a speed of 51 km/s.

The strongest sunquake, SQ2, which occurred simultane-
ously with gamma-ray emission and Hα kernel 2, as reported in
Paper 1, is well detected in the TD diagram with two ridges re-
vealing for the first time the observations of the first and second
bounces (upper turning points) of acoustic waves from the solar
surface. The TD diagram for seismic source 2 shows an initial
phase velocity for the ripples on the photosphere of 35 km/s; it
approaches 53 km/s at the edge of the 120 Mm data cube. The
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first bounce occurring at 11:55:37 UT at 5-10 Mm from the
flaring event location, where the first ripples were observed, is
closer than any other sunquakes that have been observed be-
fore; this has also been noted by other authors (Zhao & Chen
2018; Sharykin & Kosovichev 2018).

The HD simulations for the F13 model show that down-
ward macrovelocity of the shock (see Fig.7, left column plots)
for the conditions close to SQs 1-3 approaches 380 km/s at the
maximum flux of the injected beam, while the average velocity
during the first 50 seconds is about 180-200 km/s. The plasma
density of the shock induced by the mixed beam with the given
initial energy flux was about (2 − 6) × 1013 cm−3. For compar-
ison purposes, the conditions of a shock produced by the elec-
tron beam with the initial energy flux of 4.3 ·1011 erg ·cm−2s−1,
which was derived for the flare of 6 September 2011 (Macrae
et al. 2018), is presented in Fig.7 (right column plots). The
shock induced by the less intense beam starts after the beam
onset, reaching after 5 seconds the velocities of 250 km/s and
propagates with the average velocity over 100 seconds not ex-
ceeding 120-150 km/s. The ripples induced by the flare of 2011
were much smaller than in the flare of 2017; as such, the ridge
in the TD diagram in the flare of 2011 was even missed until
Macrae et al. (2018) managed to apply the improved holog-
raphy and TD techniques, allowing the authors to detect the
missing sunquake.

The shocks generated by a mixed beam shown in Fig. 2c
(left plot) are presented versus a linear depth of the quiet Sun
(a) and time (b) (see Fig. 7, left column), while the shocks de-
posited by an electron beam are shown in Fig. 7 (right col-
umn). It can be noted that the shocks generated by the electron
beam were first deposited above the solar surface and only later
propagated with a supersonic velocity into the solar interior to
depths above 500 km. Since the shocks did not travel a very
long distance in the interior, no intense acoustic waves were
produced. Therefore, the ridge that these acoustic waves pro-
duced in the TD diagram is not very deep, explaining why it
was missed initially.

Whereas, the shock produced by the mixed beam shown in
Fig. 7 (left column) is deposited within the very first few sec-
onds in the solar interior with a supersonic speed. The hydro-
dynamic shock that formed in a flaring atmosphere enters the
solar interior (crosses the linear depth of zero) above the local
sound speed, with the vertical velocities of v(zs) = 380 km·s−1

at zs = 100 km s−1 (Fig. 7a). The density of the shock should be
(1−3)×1013 cm−3. The macrovelocities of a downward moving
hydrodynamic shock reach 280 kms−1 at 5 s, then they slowly
reduce to 175 at 50 s and approach 100 km/s at 100 s, so the
average macrovelocity is about 180-200 kms−1 (see Fig. 7, left
column). These downward velocities were complied well with
those derived from Hα kernels 1 and 2, which were detected in
the locations of seismic sources 1 and 2 for flaring event 1.

The depth of deposition of this shock in these events starts
from the surface, or quiet sun photosphere, and moves down
to 1000 km in depth in the interior. The plasma density in the
shock is about (5−6)×1013 cm−3. Thus, the shock is capable of
producing intense acoustic waves for a rather long time while
travelling inside this interior (for comparison purposes, see the
curves for different times in Fig. 7a.) Hence, the shock that was

produced by the mixed beam caused a very deep ridge for the
first bounce. And because the first set of acoustic waves was
very intense, they had enough energy to travel to the interior, be
reflected from it back to the surface following the Fermat prin-
ciple, and travel to the solar surface again to become bounced
back by the photosphere at the second upper turning point, as
the theory predicts. Only a very intense mixed beam can pro-
duce a phenomenon similar to what was observed for the first
time for the flare from 6 September 2017 (Zharkov et al. 2020).

The difference in the velocities of ripples at the edge of the
dataset of 120 Mm in sunquakes 1, 2, and 3 explains a slight
difference in the real flux of the mixed beams, which generated
the shock in SQ1 (the lowest initial energy flux, SQ3 (medium
flux), and SQ2 (the strongest initial energy flux). Also, the fact
that a ridge appears in SQ2 about 10 minutes after the event
onset, or at 5-10 Mm from the location of the flaring event 1
onset, indicates that the shock in SQ2 was deposited under a
larger angle to the local vertical, which from the directional
holography is found to be of -30◦. The directional holographic
image for SQ3 also indicates the inclination of the shock at
about +30◦ from the vertical to the surface. We note that SQ1
is found to have the shock deposited closely along the local
vertical under an angle of -(0 − 10)◦.

The most southern seismic source 4 and middle seismic
source 5 appear between 12:04 -12:07 UT, according to the
Lyα light curve with FE2 starting with Hα kernel 3 at 12:06:48
UT. We do not have any high energy observations besides a UV
light curve in the Lyα line. Hence, the energy flux of a beam
causing the shocks in these two seismic events is a big question
that has yet to be answered. However, it looks like there was
a repeated injection of a strong electron beam, which occurred
in the same location and 10 minutes after the injection of the
first mixed beam. This injection likely caused another strong
hydrodynamic shock and led to a potential (repeated) seismic
source 5. Hence, in flaring event 2, there was another Hα line
kernel 3 with a large redshift, which was detected in the same
location as seismic source 2.

By comparing the line profile observed in Hα kernel 3, we
managed to derive that Hα line profile can be produced in a flar-
ing atmosphere heated by a mixed beam with an initial energy
flux that is close to (6−8)×1012 erg/cm2/s and a spectral index
that is 4. From the simulated hydrodynamic model, we derived
that the density of the shock should be (1 − 3) × 1013 cm−3

and the shock macrovelocity would be slightly lower than in
source 2, reaching 320 kms−1 at 5-10 sec and dropping to 100
at 50-60 s, with the average velocity of 120-140 kms−1. The
shock starts above the surface and propagates as a shock down
to 500-1000 km below the surface, and the angle of deposition
is about +30◦ from the vertical as derived from a directional
holography approach.

It is likely that the ripples generated by this hypothetical
seismic source 5 interfere with the ripples from seismic source
2, which were generated just 10 minutes before in the same lo-
cation. These acoustic waves can have a resonant interference,
which was once suggested for the similar seismic events seen
in Ca II dopplergrams by Hinode (Kosovichev 2011), thus pro-
ducing the unusual seismic waves observed in Ca II emission in
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the chromosphere for the 6 September 2017 flare (Quinn et al.
2019).

For modelling of acoustic-wave propagation, the
Christensen-Dalsgaard Model C (Christensen-Dalsgaard
et al. 1996) was used with the profiles of the acoustic cutoff

frequency and sound speed in this model shown in Macrae
et al. (2018). Therefore, the acoustic cut-off frequency,
ωac/(2π), and sound speed, c, at depths below the surface
of less than 1000 km are accepted to be equal to 9.9 mHz
and 8.4 km s−1, respectively. In addition, in the simulations
for different seismic sources, we introduced inclinations of
±30◦ to the local vertical of the direction of a deposited
hydrodynamic shock.

4.2.2. Simulated acoustic waves versus observations

The propagation of the acoustic waves (or rays) generated by a
supersonic source moving with a velocity of 120 km s−1 under
an angle of −10◦ to the vertical (seismic source 1) is presented
in Fig. 8, with an average velocity of 150 km s−1 under an an-
gle of +30◦, presented in Fig. 9 and with an average velocity
of 200 km s−1 at a surface depth of zs = 0 km (as in seismic
source 2) under the angle of -30◦ are shown, in Fig. 10. The ab-
scissa defines a horizontal distance on the solar surface in Mm
of the ripple propagation about the location of a deposition of
supersonic disturbance (shock) and the ordinate shows a prop-
agation depth, z, under the photosphere of the generated rays
and wavefronts at different times for the wave vectors located
in the same plane as the velocity, that is, if φ = 0 (in notation
of Section 5.2 of Zharkov 2013).

The acoustic wave simulation for the conditions of seismic
source 1 show (see Fig. 8) that the rays in the first model de-
posited nearly along the local vertical have a propagation of
the waves in the interior (left plot) until the first ripple is ob-
served at 15-20 Mm from the location 20-25 minutes after the
shock deposition (right plot). Since the rays move in the inte-
rior with a speed exceeding the local sound speed, these waves
at frequencies above the acoustic cut-off can escape the solar
interior when they reach a surface at the upper turning point.
As we noted from the HD simulations of the shock deposition
(Fig. 7a, right plot) in this source, the shock goes under the pho-
tosphere 10 s after the event onset. Then after 20 minutes, the
rays in the model simulations shown in Fig. 8 reach the first up-
per turning point at the surface in the photosphere where they
produce the first ripples on the surface before they turn back
towards the interior.

For a shock deposition to be applicable for seismic event 3,
the appearance of the ridge is seen earlier at 10 seconds after
the acoustic wave onset and at the distance of 8-10 Mm (Fig.
9). This happens because the deposition angle of the shock in
source 3 was not zero but +30◦ and, for example, the rays on
the left side of the deposition point do not travel as deep into
the interior and thus reach the surface faster than in source 1
at 16.83 minutes. The rays on the right-hand side in source 3
travel deep enough, but they produce the ripples too far away
from the source, outside the data cube of 120 Mm used by HMI.

Whereas, for the seismic model for SQ2, which is shown
in Fig. 10, the shock caused by the mixed beam is deposited
just at the surface and propagates much deeper into the interior
with a supersonic speed (as shown in the video attached with
the paper in the supplementary materials) so that the acoustic
wave produced by this shock moves into a much deeper inte-
rior. However, since this wave packet travels under the angle
-30◦, it produces the acoustic rays in the shortest path, on the
right-hand side, and in the longest one, on the left-hand side.
Because the acoustic rays started from the surface and travel
much deeper into the interior, they gain a much higher veloc-
ity before reaching the lower turning points than the rays with
a shock deposited well above the surface and, thus, travelling
with supersonic velocities in the interior pretty limited time
and losing more energy. The rays which travel to deeper lay-
ers when reflected back to the surface by the Fermat principle
(Zharkov 2013) have much higher velocities and, when they ap-
proach the photosphere in the upper turning point, they create
larger ripples, which can be easily detected in the time-distance
diagrams as reported for seismic source 2, as shown in Paper 1.

Also, because in SQ2 the shock is deposited at an angle
of -30◦ from the local vertical, the first upper turning point is
seen very quickly at about 8-10 minutes after the impact at the
distance approaching 5 Mm from the source. This is in close
agreement with the skip distance derived from TD diagrams
and is similar to the results reported by Zhao & Chen (2018).
Moreover, for this seismic event, the velocities of the rays re-
flected back to the interior after they produced the first ripples
are still high. This is reproduced in the model acoustic waves
shown in Fig. 10, where the first points of reflection from the
surface are observed 15 minutes after the deposition time start-
ing from a distance of 2 Mm and they are very well seen within
20 minutes from the distance of 3 Mm.

Since the shock deposited in the atmosphere with SQ2 was
very strong, these reflected rays are capable of traveling to the
interior and become reflected back again to return to the sur-
face. Given the high ratio of the source-to-local sound speed,
the wave-packet that is generated at this depth is expected to be
rather wide because only the rays with θ > 86 ◦ become evanes-
cent for φ = 180 ◦. Hence, as result, these acoustic waves are
rather strong at producing the second lower and upper turning
points, leading to a second bounce seen in the TD diagram for
this seismic source reported in Paper 1 (Zharkov et al. 2020).
Indeed, these second bounce waves are seen in the simulated
acoustic waves, which can be seen in Fig. 10 (the top right end
of the wave set marked by the blue curve), showing the second
bounce waves to start at 5 Mm in the model set at 15 minutes
and at 7 Mm in the set at 20 minutes.

When the shocks in any models travel deeper into the in-
terior, their velocity decreases while the sound speed grows,
making the wave packets generated at these larger depths nar-
rower and with lower frequencies. For seismic events 2 and 3,
the fact that there are observed signatures at low frequencies
of 3 mHz indicates that the shocks generated in these events
must have travelled to at least 600-1000 km below the surface,
which is in agreement with the modelling of hydrodynamics of
the shocks in flaring atmosphere shown in Fig. 7, left column.
Whereas, seismic event 1 was likely generated in a more shal-
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low region below the surface and, thus, does not reveal lower
frequency acoustic waves.

Hence, in the summary, one can note that the acoustic
waves (rays) generated by hydrodynamic shocks induced by
a mixed beam (MB) in the largest sunquake (source 2) are
found to travel much faster and to deposit their momentum
much deeper in the solar interior, thus producing type 1 acous-
tic waves with double ridges: a very visible first bounce (main)
ridge and a detectable second-bounce ridge. The shocks de-
posited by an electron beam (EB) produce type 2 acoustic
waves with a weaker single ridge, as seen in seismic sources
1 and 3. As a result, these type 1 acoustic waves reach the
first lower turning point in deeper interior depths, thus, gain-
ing higher velocities compared to the type 2 acoustic waves,
which are generated in the shallow interior beneath the flare
like in seismic source 1 of this flare of 6 September 2017 or
in the nearly missed seismic source of the 6 September 2011
flare. These type 1 acoustic waves approach higher velocities
in the interior, with which they travel back to the surface in the
photosphere to their first upper turning point (or first bounce),
creating ripples while being reflected back to the interior. The
reflected wave energy is lower than the original one but still
sufficient to travel again to the less deep interior and to return
back for a second bounce, creating secondary, slower, ripples.

From a directional holography analysis, the different seis-
mic sources are found to have a different directivity, or angle,
from the vertical for a momentum deposition. The type 1 acous-
tic waves that were simulated in seismic source 2 for a momen-
tum deposited at an angle of -30◦ from the vertical demonstrate
the occurrence of well detectable ripples at the photosphere
seen a few minutes after the impact at a distance approaching
5-10 Mm from the source, which is in close agreement with the
distance derived from the TD diagram.

The other two sources show the characteristics of the rays
to be consistent with being produced by shocks generated by
electron beams and deposited at angles (0-10)◦ (source 1) and
+30◦ (source 3) to the local vertical, which propagate beneath
the surface but not too deep into the interior, which is contrary
to type 1 acoustic waves in seismic source 2. These weaker
shocks create weaker acoustic waves at shallower depths of the
interior, which are reflected by the interior to the solar surface
(at lower turning points) with smaller velocities. When these
acoustic waves reach the solar surface (photosphere) and be-
come reflected by it (at the upper turning point), they create
much smaller ripples in the photosphere, which can only be
picked up as regular features by the holographic approach.

5. Discussion and conclusions

In this paper, we attempt to understand the complex appearance
of two flaring events in the flare of 6 September 2017, which
were observed with a different degree of coverage in time and
space by multi-wavelength instruments. During the flare, there
were four locations linked to footpoints of three magnetic ropes
where four (5) sunquakes were identified with acoustic holog-
raphy (4) and time-distance diagram (3) techniques. Also, three
Hα kernels were observed: the two during FE1 with strongly
redshifted line profiles co-spatial with two detected sunquakes

(SQ1 and SQ2) and the one kernel during FE2 linked to the
alleged SQ5 that occurred during FE2 in the SQ2 location,
10 minutes after FE1. The locations of sunquakes 1-3 of FE1
were overlapped with strong EUV emission, reflecting explo-
sive evaporation of the chromospheric plasma into the flaring
corona in these locations observed by EIS/Hinode, whose field
of view could not see the SQ4 in the southern part of the active
region. There was also the location of SQ2 where we derived
two light curves of white light emission for FE1 and FE2.

For the identification of magnetic field topology and foot-
points where all of these flaring events can occur, we used the
NLFFF restoration of the magnetic field and MHD simulations
based on the restored magnetic field, which helped us to obtain
the magnetic structure of the active region where flaring events
occurred and to link the footpoints of these magnetic ropes
to the locations of sunquakes, Hα line kernels, EUV emission
with large blueshifts, and WL brightening. In practical terms,
the area of flaring footpoints were defined from the area of Hα
emission kernels or from the area where TD diagrams that al-
lowed one to evaluate the initial energy fluxes of the particle
beams heating these flaring atmospheres using the parameters
derived from the KONUS HXR and GR emission in FE1 as a
basis. For FE2, we only detected Hα kernel 3 and white light
emission, thus solely allowing us to speculate about possible
conditions of atmosphere heating based on the good fit to the
simulated and observed Hα line profiles and light curves of WL
emission.

In order to simulate the Hα line profiles for the condi-
tions relevant for the observed kernels, we produced the model
flaring atmospheres heated by intense mixed beams which
were likely present in the flare of 6 September 2017 as per
KONUS/WIND observations with the initial fluxes of (6−12) ·
1012 erg · cm−2s−1 and a spectral index of 4. Additionally, we
compared the emission produced in the current hydrodynamic
models with the emission in another flare of 6 September 2011,
which was produced by the electron beam with an initial flux
of 4.3 · 1011 erg · cm−2s−1.

These models were used to explain the observations of
Hα line profiles reasonably well with CRISP/SST and white
light emission from HMI/SDO with the simulated emission of
Balmer line and Paschen continuum, which is seen in white
light. These models also helped us to explain upward velocities
of the observed EUV spectrograms and their close co-location
with sunquakes 1, 2, and 3 accompanied by the observed dim-
ming and large redshifts of Hα line emission at flaring events
1 and 2. We demonstrated with the simulations that WL emis-
sion in FE1 and FE2 can only be produced by the same particle
beams that produce all other observational signatures because
they induce a strong over-ionisation of hydrogen in the chro-
mosphere and photosphere.

Based on the parameters of the seismic events derived from
observations, we applied a combination of two hydrodynamic
models: one for a flaring atmosphere heating by a mixed beam
and the second one for the production of acoustic waves in the
solar interior by the shock coming from the flaring atmosphere
for three seismic sources 1, 2, and 3. In order to evaluate the
role of magnitude of the shocks produced in a flaring atmo-
sphere by a very powerful mixed beam and a less powerful
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Fig. 8. Individual acoustic rays generated at the depth of 1 km in the solar interior and travelling along the Z direction to the bottom of the plot
by a moving supersonic source, v = 120 km s−1, depositing a momentum below the photosphere (the origin) under a -10 ◦ angle from the local
vertical for the times after shock onset. This is shown above the plots and is similar to what was observed in seismic source 1. The rays were
computed numerically for the parameters extracted from model S (Christensen-Dalsgaard et al. 1996). The rays are colour-coded in the range of
9-15 mHz with 9 corresponding to the darkest shade; Z is depth in the solar interior; the photosphere is denoted by Z=0; and the X-axis denotes
a distance on the surface in Mm from the point of the momentum deposition. The mustard arrow shows the direction of the wave propagation.
The points of the ray reflection from the photosphere seen in the top right corner at 25:17 min from the shock deposition time are observed as
ripples on the surface, or a sunquake, which are propagating from the central point of the momentum deposition in the flaring event outwards
to all the directions.

electron beam on the resulting seismic signatures, we demon-
strated the difference between the deposition depths, velocities,
and duration of the propagation with supersonic velocities of
these shocks in the solar interior, where they are capable of
generating acoustic waves. These models provide the plausible
quantitative link between the hydrodynamic shocks in flaring
atmospheres and the seismic signatures induced by another hy-
drodynamic response of the solar interior beneath the flaring
events to the deposition of these hydrodynamic shocks.

The simulations show that for the plasma heated by a mixed
beam, the explosive evaporation starts from the very first sec-
onds with high macrovelocities of 100 km·s−1, which was sim-
ulated in the lower flaring corona (Fig.2c, left column), and
approaching the velocities of 400-500 km·s−1 5 seconds after
the beam onset, which later, at 30-50 s after the event onset, be-
come reduced to 250 km/s. However, observations by Fe XXIII
line only started 10-15 seconds after the beam onset, when the
beam was off and the plasma had cooled off to the temperature
of ten millions of K required to see this emission. The spec-
trograms of the Fe XXIII 263.76 Å line for FE1 in footpoint
FP3 of SQ1 reveal large upward velocities of 300-350 kms−1,
similar to the simulated velocities in the hydrodynamic model

of the flaring atmosphere heated by the mixed beam. For SQ
2, the blueshift in the line of Fe XXIII 263.76 Å, indicating
the macrovelocity of explosive evaporation, exceeds 400 km/s
much faster than in the atmosphere with SQ 1, indicating a
stronger shock in the location of SQ 2. This likely led to the
additional ridge in the time distance diagram of sunquake 2,
constituting a double bounce of acoustic waves.

These upward motions are combined with the downflows
of > 100-200 kms−1, which are seen in the He II spectrograms
associated with SQ1 and SQ2. However, the EIS observations
in He II 256 Å in the locations of SQ1 and SQ2 appear 30 s af-
ter the onset of FE1, confirming that the temperature of flaring
atmosphere reached the magnitudes of raditaive temperature of
the He II line. To this point, this also indicates that the start-
ing time of SQ1 and SQ2 is 20-25 s earlier than the redshift in
the He II line. However, the redshift in the He II line exists for
about a minute, which is close to what was predicted by hydro-
dynamic simulations. It is remarkable that after a minute or so
these downflows are followed by upflows with magnitudes of
macrovelocities that are close to those predicted by the hydro-
dynamic (HD) simulations carried out for heating by a mixed
beam in SQ1 and SQ2.
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Fig. 9. Individual acoustic rays generated at the depth of 45 km in the interior and travelling to the bottom of the plot by a moving supersonic
source with a velocity of v = 150 km s−1, depositing a momentum below the photosphere under a +30 ◦ angle from the local vertical for the
times after the shock deposition shown above the plots. We note that Z is the depth in the solar interior, the photosphere is denoted by Z=0,
and the X-axis denotes a distance on the surface in Mm from the point of the momentum deposition. The mustard arrow shows the direction
of the wave propagation. The points of ray reflection from the photosphere seen in the top left corner 8:50 min after the shock deposition are
observed as ripples on the surface, or a sunquake, which are propagating from the central point of the momentum deposition in the flaring event
outwards to all the directions.

It can be observed that the upward macrovelocities in the
HD model approach 300-400 km/s, which is similar to those
measured by the EIS instrument for the location of seismic
source 1. At the same time, the downward motion modelled
for this event also reaches the macrovelocity of 300 km/s, 5
seconds after the beam onset, and is then reduced to 150-200
km/s for the next few minutes. These redshifts are close to what
was measured in Hα kernel 1, which was likely to be redshifted
by 3-4 Å, so only the blue wing of the line has been observed.
At the same time, the He II 256 Å spectrograms in the loca-
tion of the largest sunquake 2 reveal that similarly to the hy-
drodynamic simulations, the redshifts approaching 380 kms−1

drop to 250-300 km/s 15-20 seconds after the beam offset. The
observed He II redshifts in an excess of 250 kms−1 are well-
correlated with those observed in the locations of the largest
sunquake 2. This redshift also corresponds to the strong one of
5-6 |AA, which was measured in Hα kernel 2, where only the far
blue wing is observed with the intensity lower than that of Hα
kernel 1. The simulated and measured blueshifts in SQ2 and
the Fe XXIII line start from 150 km/s at 1 second approaching
400 km/s within a short timescale of 15-30 seconds.

We also investigate the scenario of acoustic wave genera-
tion by hydrodynamic shocks propagating for up to 50-60 sec-
onds in the solar interior with supersonic velocities and gen-

erating acoustic waves above the acoustic cutoff frequency.
During the flare of 6 September 2017, the shocks in SQs 1-3
were deposited beneath the solar surface and travelled much
longer in the interior, producing acoustic waves compared to
the shock generated in the flare of 6 September 2011 reported
earlier (Macrae et al. 2018). This difference in the shock de-
position depths explains the clear ridges observed in the time-
distance diagrams of SQ1, SQ2, and SQ3 in the 6 September
2017 flare versus the rather weak ridge observed in the 2011
flare.

The acoustic waves (rays) generated by the HD shock in-
duced by a mixed beam (MB) in the largest sunquake (SQ 2)
are found to travel much faster and to deposit their momen-
tum much deeper in the solar interior, producing type 1 acous-
tic waves with double ridges: a very visible main ridge and a
detectable second-bounce ridge seen in the 6 September 2017
flare. The shocks deposited by an electron beam (EB) produce
type 2 acoustic waves with a weaker single ridge, as is seen
in the seismic source of 6 September 2011 flare. As a result,
these type 1 acoustic waves reach the first lower turning point in
deeper interior depths, thus, gaining higher velocities compared
to the type 2 waves. These type 1 acoustic waves approach
higher velocities in the interior, with which they travel back to
the surface in the photosphere to their first upper turning point
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Fig. 10. Individual acoustic rays travelling to the bottom of the plot generated in the interior by a moving supersonic source with an average
speed of v = 200 km s−1 as in seismic source 2 at the times denoted on the top of each panel. The shock is inclined by -30◦ to the local vertical.
Note that Z is the depth in the solar interior, the photosphere is denoted by Z=0, and the X-axis denotes a distance on the surface in Mm from the
point of the momentum deposition. The mustard arrow shows the direction of the wave propagation. The points of reflection from the surface,
or ripples of the first bounce, are well observed 15 minutes after the deposition time, starting from a distance of 2-3 Mm (on the right), and they
are very well seen within 20 minutes at a distance starting from 3-4 Mm. The second bounce waves appear at 5 Mm within 15 minutes after the
shock deposition and at 7 Mm within 20 minutes (see the top far end of the wave set marked by the blue curve). Note that a video animation of
these acoustic waves is presented in the supplementary materials, which shows propagation of the generated acoustic waves with the first and
second bounces, as observed in seismic source 2.

(or first bounce), creating ripples while being reflected back to
the interior. The reflected wave energy is lower than the origi-
nal one, but it is sufficient to travel to the less deep interior and
to return back again to the surface for a second bounce creating
the secondary, slower, ripples.

The type 1 acoustic waves simulated in seismic source 2
for a momentum deposited at an angle of -30◦ from the ver-
tical and travelling rather deep into the solar interior demon-
strate the occurrence of strong acoustic waves in the interior.
These waves become reflected from the solar surface during
the first bounce (or the first upper turning point), thus forming
well detectable ripples at the photosphere a few minutes after
the impact at a distance approaching 5-10 Mm from the start lo-
cation of SQ2 that is in close agreement with the distance and
time derived from the TD diagram. There are also the second
bounce acoustic waves, which are seen in the simulated wave
packets occurring at the second upper turning point at the pho-
tosphere, showing them to start at 5 Mm in the model set at
15 minutes and at 7 Mm in the model set at 20 minutes, which
are also close to the parameters derived from the TD diagram
for seismic source 2. The two other seismic sources SQ1 and
SQ3 show the acoustic waves whose characteristics are consis-
tent with those being produced by shocks generated by slightly
weaker mixed beams and deposited at angles of -(0−10)◦ (seis-
mic sources 1) and +30◦ (source 3) to the local vertical, which
propagate beneath the surface but not too deep into the interior.

Hence, by combining the two hydrodynamic models, of
flaring atmosphere and acoustic wave generation in the solar
interior, we are able to provide the simultaneous quantitative
interpretation of the three seismic events whose characteristics
were also confirmed with blue and redshifts, which were de-
rived from the combined EUV and Hα emission observed in
the X9.3 flare of 6 September 2017. We show that, in spite of
disparity of spatial and temporal resolution, all of the observed
signatures can be logically accounted for by the complex hy-

drodynamic dynamic processes in the flaring atmospheres of
interacting magnetic loops and the interior beneath caused by
the injection of mixed beams.
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