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Abstract. The momenta and start times measured from the TD diagrams in 3 seismic sources
observed in the flare of 28 October 2003 are compared with those delivered to the photosphere
by different kinds of high energy particles as well as by the hydrodynamic shocks caused by these
particles. The energetic protons with energy power laws combined with quasi-thermal ones are
shown to form hydrodynamic shocks deeply in a flaring atmosphere which deliver the required
momentum to the photosphere within a measured timescale. The seismic waves observed in two
sources associated with γ-rays can be explained by the momenta produced by hydrodynamic
shocks caused by mixed proton beams and jets. The seismic wave in the source asociated with
HXR only and delayed by 4 and 2 minutes from the first and second HXR bursts is likely to
be associated with a hydrodynamic shock occurring from precipitation of a very powerful and
hard electron beam possibly mixed with quasi-thermal lower energy protons.

Keywords. Sun: activity, Sun: sunspots, Sun: interior, Sun: magnetic field, methods: data
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1. Introduction
A comparison of the first observations of a solar quake (Kosovichev and Zharkova,

1998) with the theoretical model of a sesimic repsonse (Kosovichev and Zharkova, 1995)
revealed that the momentum required to produce the observed seismic response (∼ 2·1022

g cms−1) is one order of magnitude higher than those of ∼ 1021 g cms−1 observed from
the plasma downflows in the MDI dopplergrams. Also the travel time of this shock to the
photosphere is more than 2 minutes while the time, at which the helioseismic response
started in TD diagrams, coincides very closely with the time of the hard X-ray impulse.
Hence, there should be some additional sources that can deliver the required momentum
to the solar photosphere within a very short timescale coinciding with the start time of
a hard X-ray impulse.

Recent observations reported helioseismic emission from the solar flares of 2003 Oc-
tober 28 and 29 using the helioseismic holography technique (Donea and Lindsey, 2005;
DL05 thereafter), with another 5 sources occurred in the active region NOAA 10486
with the seismic emission at frequencies from 3 mHz to 7 mHz, 4 of them in the flare 28
October 2003 (DL05). In order to establish a connection between high energy particles
and the seismic source agents, in the present paper we study the velocities of vertical
and horizontal displacements, or the ridges, associated with these seismic waves in the
flare 28 October 2003, by applying the time-distance diagram technique and by deduc-
ing the momenta required to cause the observed ridges. Then we can compare them
with those delivered by high energy particles and hydrodynamic shocks occurring in the
chromosphere in response to the particle injections.
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2. Description of the observations
The X17.2 flare occurred on the 28th October 2003 in the very active region NOAA

10486 at the location 18E20S. It started as observed by GOES from 9:41 UT lasting
until 11:24 UT with the maximum at 11:10 UT in soft X-rays and until 18:00 UT in Hα

emission.
In the first phase there were 2 γ-continuum peaks produced mainly by a bremsstrahlung

spectrum generated by electrons with energies up to 150 MeV with a small γ-ray increase
in the range of 1.5-7 MeV (Gross et al., 2004, Kuznetsov et al., 2006). In this phase the
γ line emission was also observed by the KORONAS that indicates a presence of protons
with the energies > 30MeV but not higher than 200 MeV because of the absence of
photons from the π-decay process. The photon energy spectra obtained during the first
phase are single power laws with the spectral indices about 2 at the lower energy part
(< 70 KeV) and 3.5-4 at higher energies Kuznetsov et al. 2006.

The second phase, a delayed one, where the other 2 peaks are observed in γ-rays
by KORONAS, INTEGRAL and RHESSI, has very noticeable plateaus in the energy
spectra in the range of 25-100 MeV appearing at about 11:06:10 UT. Also there are
higher energy protons > 200MeV appearing after 11:06:00 UT indicated by a presence
of π-decay photons (Kuznetsov et al., 2006, Share et al., 2004).

3. The observed seismic sources
MDI dopplergrams obtained aboard SOHO from 11:00 UT until 12:00 UT with 1

minute cadence are used. These observations were supported by the MDI magnetograms
and white light images taken from the Solar Feature Catalogues (SFCs) at the times
closest to the flare setup time ?.

For each seismic source the datacube of 120x120 Mm centred in the centre of gravity of
the downward Doppler motions in this source was extracted. These were re-mapped them
into the polar coordinates to which the Fourier technique is applied from the centre where
the initial impulse (the center of gravity) up to 120 Mm. In order to precisely detect the
seismic wave centres, we selected the areas of 20x20 pixels around the locations provided
by DL05 (Table 1, in Zharkova and Zharkov, 2007) and used to define total areas for
each quake and their centres of gravity.

In general, in all the MDI dopplergrams we have detected 11 locations with downward
motion larger than 1 km/s while only three of them having revealed detectable ridges,
or quakes (Zharkova and Zharkov, 2007). The time-distance diagrams for the seismic
sources S1-S3 reveal that the start times of the seismic waves are slightly different for
each source varying from about 11:05:00-11:06:00 UT for the source S1 to 11:06:00 UT
for the sources S2 and S3. These times are more than 3 minutes later than the first
maximum of hard X-rays for the source S1 but close to the second maximum in both
HXR and γ-rays pointing to the presence of high energy protons (> 200 MeV) for the
sources S2, S3 Kuznetsov et al. 2006, Share et al 2004.

The downward velocities Vvert directly in these 3 sources measured from the doppler-
grams were 2.15 km/s for S1, 2.0 km/s for S2 and 1.75 km/s for S3, while for another 8
of 11 sources the downward velocities were lower than 1.6 km/s . The durations of the
downward motions do not exceed 1.5 -2.0 minutes, starting at or after 11:05:00 UT with
the maximum a minute later and then decreasing for another 30-60 seconds back to the
pre-flare magnitude. Also the initial velocity in the source S1 is higher and the seismic
wave propagates towards the 120 Mm edge of the datacube slightly faster than in other
two sources S2 and S3.
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Figure 1. The locations of 11 Doppler sources (red contours) with the downward motion higher
than 1 km/s (top image) but only 3 of them with the detectable seismic responses in the locations
specified in columns 1-3 of Table 1 (bottom image).

The areas of the seismic sources, defined by a presence of the downward motions and
by detectable ridges, were about 5.05×1017 cm2 for the source S1, 3.34×1017 cm2 for the
source S2 and 3.22× 1017 cm2 for the source S3. Then by using the downward velocities
above and comparing with the theoretical seismic ridges (Kosovichev and Zharkova, 1995,
1998) one can deduce the momenta required to cause the observed ridges: 4.0 × 1022

g · cm · s−1 (S1), 3.7 × 1022 g · cm · s−1 (S2) and 3.1 × 1022 g · cm · s−1 (S3).

https://doi.org/10.1017/S174392130801466X Published online by Cambridge University Press

https://doi.org/10.1017/S174392130801466X


62 V. V. Zharkova & S. I. Zharkov

4. Results and discussion
4.1. The momenta delivered by beams and hydrodynamic shocks

The momentum Pe,p delivered in pure collisions by an electron or proton beam with a
spectral index γe,p and a lower energy cutoff Elowe , p

can be evaluated as ?:

Pe,p �
√

2me,p Ne,p
γe,p

γe,p + 0.5
· E−0.5

lowe , p
. (4.1)

It should be emphasized that this is the upper limit of the momentum carried down-
wards to the photosphere by electrons or protons since it is calculated without taking
into account pitch angle scattering and wave dissipation for protons or Ohmic dissipation
for electrons that can reduce its magnitude by a few factors (Zharkova and Gordovskyy,
2006)

For the known plasma mass density ρ = mH ·n where n is the particle density per vol-
ume defined from hydrodynamic solutions, this momentum delivered by a hydrodynamic
shock can be as follows:

Phd = Σtmv(t) ≈ ρ · A · v2 · τ, (4.2)

where τ is a duration of the impact causing the seismic waves, m is the mass of the
plasma delivering the momentum related to the flaring area A where the momentum is
deposited, V is a starting velocity at the moment of impact.

4.2. The momenta delivered by beams
The source S1

For the flare area of about 5.05×1017 cm2 defined by the area of a downward Doppler
motion Figure 1 in the source S1, the momentum delivered to this area by the electron
beam was about 2 · 1020 g · cm/s. Obviously, this is not sufficient to deliver the required
momentum of (3 − 4) × 1022 as reported from the TD diagram for S1 (see § 3).

The sources S2 and S3.
The sources S2 and S3 appear close to the locations of hard X-ray emission and within

the circle denoting γ-ray emission observed by RHESSI Hurford et al. 2006. The spectral
indices of the proton energy spectra observed by INTEGRAL in the phase B after 11:06:00
UT vary from 3 to 3.8 Kiener et al. 2006 or by the RHESSI measurements vary 2.8∓ 0.4
with a total number of protons observed estimated at about 1033 Share et al 2004. The
lowest energy was about 30MeV but it can be decreased to 2 MeV without affecting the
2.22 MeV and annihilation line emission Share et al 2004.

Then the momentum delivered by such a proton beam to the chromosphere where the
γ-emission is measured, can be about ∼ 2.2 ·1022 g ·cm/s for the lower energy of 30 MeV
and according to equations (12) and (14), increases as (2MeV/30MeV )−γ+0.5 × γ

γ+0.5 to
∼ 5.2 · 1024 g · cm/s for the lower energy of 2.0 MeV and γ = 3.0. This range superbly
covers those momenta derived in the sources S2 and S3 (Table 2). Hence, protons can
be the agents in these two sources delivering the sufficient momenta to the region where
MDI measures the Doppler velocities.

4.3. Simulated hydrodynamic responses
We simulate the hydrodynamics of a two-temperature plasma heated by either electrons
or protons (power laws plus those with Maxwellian energy distributions) by solving the
two energy equations (for electrons and protons), continuity and momentum conservation
equations and include the radiative cooling from lines and continua. The heating functions
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Figure 2. The hydrodynamic responses of a flaring atmosphere caused by pure electrons (the
left column) or by mixed proton and electron beams (the right column) with the parameters
of protons deduced from γ-rays and electrons from X-rays from RHESSI and KORONAS. The
upper plots present the ambient electron temperatures, the middle ones - densities and the lower
plots - macro-velocities, the numbers on the graphs show the times in seconds after the beam
injection.

are considered for collisional losses by both electron and proton beams, Ohmic losses only
for an electron beam and Cherenkov resonance for thermal-like protons.

The variations of temperature, density and macro-velocity simulated for the hydrody-
namic responses are plotted for the electron beam with the parameters derived from hard
X-rays (Figure 2, the left plots) or for the mixed proton/jet beam with the parameters
derived from the γ-ray emission (Figure 2, the right plots) that agree with previous HD
simulations (Somov et al., 1981); Nagai and Emslie, 1984 and Fisher et al., 1985).

Starting from the column density 2 × 1019 cm2 , a collisional stopping depth for lower
energy electrons of 12 keV accepted in our simulations, a low temperature condensation
is formed moving as a shock with velocities of about 100-200 km/s, which are higher
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than the local sound velocity (Somov et al., 1981, Fisher et al., 1985). However, such a
shock produced even by a powerful electron beam with the spectral index of about 3 (the
lower plots) appears rather high in the upper chromosphere between the column depths
of 2 × 1019 ÷ 2 × 1020 cm−2 as can be seen in Figure 2 (the left plots).

As can be seen from Figure 2, the hydrodynamic response to the injection of the
pure electron or mixed proton/jet beams are substantially different. The electron beam
injected during 10 s produces a smaller (by factor 2-2.5) temperature increase in the
corona (top left plots), a smaller (by an order of magnitude) density depression of the
coronal plasma into the chromosphere (the middle left plots) and smaller (by factor 2-
2.5) evaporation velocities (the bottom left plots) compared to those by mixed proton/jet
beams (the right plots in Figure 2).

In addition, the mixed proton/jet beam forms the lower temperature shock, which
is spread much deeper into the lower chromosphere between the column depths of 2 ×
1020 ÷ 8 × 1021 cm−2 . The velocities of the shock induced by the mixed proton beam
are also higher (by a factor of 2-2.5) than those induced by the pure electron beam.
These macro-velocities induced by the proton beam decrease in the region with a column
density of 5 × 1021 cm−2 to a few km/s compared to those less than 1 km/s for the one
induced by electrons.

The momentum induced by this shock is transferred to the photosphere within much
shorter timescale under 1 minute because it is formed in much deeper and denser at-
mospheric levels. The proton induced shock deposits its momentum from the depths
5 − 8 × 1021 cm−2 to very dense plasma beneath that is delievered with a velocity of
about 2 km/s through about 120 km of the solar atmosphere before approaching the
column depth of 4 × 1023 cm−2 for Ni line region. While the electron-induced shock is
required to travel from the column depth of (2− 5)× 1020 cm−2 , or about 350 km, with
the same or the twice lower velocity that will allow the momentum to reach the Ni region
with a delay of 3-6 minutes.

4.4. The proposed scenarios

The shock caused by a pure electron beam (Figure 2, left plots) with the beam parameters
taken from KORONAS has a density about 5 × 1012 cm−3 , an average macro-velocity
about 1.8 × 107 cm/s and a duration about 100s. This shock is formed at the depth
of about (2 − 5) × 1020 cm−2 . The momentum still requires a timescale > 180s to be
delivered to the Ni line formation region (2−6)×1023 cm−2 . Then for the source S1 with
the area of about 5.05× 1017 cm2 the electron-formed shock can deliver a momentum of
about 1.3 · 1019 g · cm/s.

Evidently, the shock produced by a pure electron beam does not contain enough mo-
mentum to account for the seismic responses recorded in either source. Also a time delay
of about 180-360 s is required for this shock to reach the region of the Ni line formation
to cause a delay in the seismic response appearance compared to the emission in hard
X-rays and γ-rays.

On the contrary, the parameters of the proton-formed shock are much more relevant
to the explanation of the momenta observed in the seismic sources S1, S2 and S3. This
shock occurs much closer to the region where the Ni line is formed, it contains much
denser material (up to 1014 cm−3) and higher macro-velocities ((2 − 3) × 107 cm/s.
By substituting these parameters and the areas of the sources S1, S2 and S3 taken
from Table 2 into the formula (18), one can find that this shock can deliver the much
higher(> 4.4×1022 gcm/s) momentum compared to that delivered by the electron-formed
one.
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The momentum induced by this shock is transferred to the photosphere within much
shorter timescale under 1 minute because it is formed in much deeper and denser atmo-
spheric levels. Therefore, the magnitudes of the momentum carried by the shock caused
by the mixed proton/jet beam and the timescale, within which it reaches the region of
Ni line, are rather close to those deduced from the TD-diagrams.

Since γ-ray emission by high energy protons was observed by KORONAS only after
11:06:00 UT (Kuznetsov et al., 2006), when the sources S2 and S3 appeared, one can
assume that these sources are produced by a high energy proton beam combined with the
lower energy (< 200MeV ) quasi-thermal protons of the separatrix jets. They together can
deliver to the photosphere the momenta via the hydrodynamic shock, to cause directly
the observed seismic responses and to energise ambient electrons to energies high enough
for the hard X-ray and γ-ray emission observed at 11:06:00 UT in the third burst.

For the source S1 sufficient momentum can be delivered by a very high energy elec-
tron beam, which is reported to have energies of hundreds of MeVs (Kuznetsov et al.,
2006) and occurred at 11:02:00 UT in the first burst combined with the lower energy
(< 200MeV ) quasi-thermal jet protons. Then the hydrodynamic response to such heat-
ing could lead to a shock formed slightly deeper in the flaring atmosphere than those for
the electron beam from Figure 2 and slightly higher than for the protons. Within 3-4
minutes after the beam onset the momentum caused by this hydrodynamic shock can
reach the Ni region and cause the observed seismic waves hich explains the delay of about
3-4 minutes between the seismic response in the source 1 and the hard X-ray emission
in the first burst.
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