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Abstract. Solar flares are known to release a large amount of energy. It
is believed that the flares can excite velocity oscillations in active regions.
We report here the changes in velocity signals in three active regions which
have produced large X-class flares. The enhanced velocity signals appeared
during the rise time of the GOES soft X-ray flux. These signals are located
close to the vicinity of the hard X-ray source regions as observed with
RHESSI. The power maps of the active region show enhancement in the
frequency regime 5–6.5 mHz, while there is feeble or no enhancement
of these signals in 2–4 mHz frequency band. High energy particles with
sufficient momentum seem to be the cause for these observed enhanced
velocity signals.
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1. Introduction

Solar flares, which are associated with the active regions, release a large amount of
energy within few minutes to hours. Apart from the high budget radiations, it also
produces a large amount of energetic particles which move at high speeds. Since many
years, several researchers have made efforts to understand the mechanism involved in
these explosive events that occur in the solar atmosphere. The major aspect of such
investigations involved looking for the change in magnetic flux (Lara et al. 2000),
change in magnetic shear (Sakurai et al. 1992; Ambastha et al. 1993; Wang et al. 1994;
Hagyard et al. 1999; Li et al. 2000), change in magnetic helicity (Moon et al. 2002)
and change in magnetic energy (Metcalf et al. 2005), before and after the flares.
Apart from searching for the cause of the flare, people have also looked at the
consequences of the flares in the solar atmosphere and one chief thrust area has been the
study of the effect of flare on solar oscillations, especially on the p-mode oscillations
frequency and power in the concerned active region. These global oscillations are
present on the Sun all the time, peaking the power in 3 mHz frequency band in velocity
oscillations. These global modes are excited by the turbulence in the convective layer.
If this be the case on one side, researchers have found reduced velocity power in 3 mHz
band in sunspots as compared to the quiet part of the Sun, whereas enhancement in high
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frequency power in these active regions (Hindman & Brown 1998; Venkatakrishnan
et al. 2002). Sunspots are known to absorb the p-mode power (Braun et al. 1987),
however this situation may be different during the flares.
It is known that solar flares generally occur in active regions. Wolff (1972) suggested
that large solar flares can stimulate the free modes of oscillation of the entire Sun. Haber
et al. (1988) have reported that there is an average increase in the power of intermediate
degree l, after the flare. At the same time, Braun & Duvall (1990) could not detect the
excitation of acoustic waves from an X-class flare. Kosovichev & Zharkova (1998)
have reported signature of seismic waves (solar quakes) during solar flare. Following
this result, Donea et al. (1999) found an acoustic source associated with the flare using
seismic images. They found a considerable flare induced acoustic power in 3.5 mHz
band. The flare also induced power in 6 mHz band. Further, they report that 6 mHz flare
signature lags the 3.5 mHz by ∼ 4 min. Application of ring diagram analysis technique
to several flare producing active regions showed that the power of p-modes appears
to be larger when compared to that in non-flaring regions of similar magnetic field
strength (Ambastha et al. 2003). Using helioseismic holography technique, Donea &
Lindsey (2005) have reported emission of seismic waves from large solar flares which
have occurred in active region NOAA 10486 on 2003 October 28 and 29. They found
many compact acoustic sources associated with the foot-points of the coronal loops.
In this paper, we study the enhanced velocity signals in NOAA active regions 10486
and 9415 during the flare, co-temporal with the GOES soft X-ray flux. These active
regions have produced major X-class flares and hence the effect of flare on velocity
oscillations can be well studied. Also, each of the selected events are in decreasing order
of flare strength. We have used Fast Fourier Transform based power spectral images to
study the acoustic power in the active region in different frequency regimes during the
flare event. The next few sections of the paper are devoted to the data and its analysis,
while the later sections present a summary of the results and related discussions.
2. Data
In order to examine the enhanced velocity signals in active regions during the flare,
we have used the full disk Dopplergrams observed at the cadence of 60 s, obtained
from the Michelson Doppler Imager (MDI: Scherrer et al. 1995) on-board the Solar
and Heliospheric Observatory (SOHO: Domingo et al. 1995). We chose the data of
NOAA active regions 10486 and 9415 for the days 2003 October 28 and 29, and 2001
April 6, respectively, for our study. We have chosen these active regions because they
produced large flares on the aforesaid days and hence it would be interesting to examine
the effect of these flares on the acoustic oscillations. Complimented with these data
sets, we also used the white light images and line-of-sight magnetograms from MDI,
1600 Å images from TRACE, soft X-ray flux data from GOES (1–8 Å) and hard X-ray
flux data (100–300 keV) from RHESSI.
The active region NOAA 10486 was one of the largest groups of sunspots observed
in the declining phase of solar cycle 23. It appeared on east limb of the Sun on 2003
October 23 in the southern hemisphere. This complex active region belonged to βγ δ
and produced several X-class and M-class flares during its passage on the solar disk.
The flare observed on 2003 November 4 was X28 flare, which was one of the largest
flares ever observed till now from GOES X-ray detector, however during that time the
active region was on the limb. The other flares were X17 and X10, which occurred on
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Table 1. Active region numbers, date and time of observations, location of the active
regions and the X-ray class of the flares are listed below.
Sl. no.
1.
2.
3.

Active region no.
NOAA 10486
NOAA 10486
NOAA 9415

Date

Time (UT)

Location

X-ray class

2003 Oct 28
2003 Oct 29
2001 Apr 06

06:00–14:59
16:00–23:59
16:20–23:59

S17E13
S16W08
S21E31

X17.2
X10
X5.6

2003 October 28 and 29, respectively, however during that time the active region was
located near the central meridian.
The active region NOAA 9415 was compact sunspot group and belonged to βγ .
This also appeared in the southern hemisphere and produced several X-class and Mclass flares during its passage on the disk. The one we chose is X5.6 flare, which
occurred on 2001 April 6 at 19:21 UT.
The NOAA no. of the active regions, date and time of observations, location of the
active regions on the solar disk and the X-ray class of the flares are summarized in
Table 1. The active region was tracked using heliographic co-ordinates in the full disk
Dopplergrams and were interpolated to a 1 pixel size. The missing data sets were
interpolated. We then used a two-point backward difference filter to remove the low
frequency fluctuations. These filtered Dopplergrams were used for this study.

3. Analysis and results
3.1 Space–time diagrams
In order to identify the temporal changes in the velocity field fluctuations at different
spatial locations, we used the space–time analysis technique. The space–time diagram
for the time series of Dopplergrams has been obtained by selecting a pixel row along xdirection (as shown in Fig. 1(a)) and stacking it in time. To identify the location of the
slit on the active region, we have shown the magnetogram and the position of the slit
in Fig. 1(c). The magnetic field strength along the slit direction is shown for reference
in Fig. 1(d). Figure 1(a) shows the space–time diagram for the 2003 October 28 event.
This space–time diagram shows that there is a common mode of oscillations in the
small magnetic field strength regions of the Sun. However, oscillations with reduced
strength and of different kinds can be seen in the active parts of the Sun. The region
with patchy strip is the location of the active region (between 80 and 260 arcsec) and
has been confirmed from Fig. 1(c) and (d). In the space–time diagram (Fig. 1(a)), one
can also notice that there is an apparent transient change in velocity signals (inside the
box) in the active region during the flare (between 11:05 and 11:10 UT and between
100 and 250 arcsec). This can be clearly seen against the background oscillations as
black and white patches from 120 to 180 arcsec, which is running horizontal to the xaxis in the magnified version of the space–time map (Fig. 1(b)). The GOES X-ray flux
has been plotted adjacent to the space–time diagram to examine the time of transient
changes in the velocity oscillations in the active region. These GOES X-ray data are
recorded in the soft X-rays in the 1–8 Å band with a temporal resolution of 1 min and
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Figure 1. (a) Space–time map (left) showing the fluctuations in and around the AR 10486
obtained on 2003 October 28. The transient changes in velocity signals observed during the flare
are shown inside the box. The GOES X-ray flux (right) is showing the peak time of the soft X-ray
emissions. (b) A magnified version of the space–time map inside the aforesaid box to illustrate
the transient velocity signals. (c) The magnetogram of the AR 10486 showing the position of the
slit from which the space–time map has been made. (d) Magnetic field strength along the slit,
showing the position of the strong and weak magnetic field regions.
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Figure 2. Same as Fig. 1, but for the flare event of 2003 October 29.

are good indicators of the magnitude of flares. The transient changes in the velocity
signals appear to precede the peak time of the GOES X-ray flux.
Figure 2(a) shows the space–time diagram for 2003 October 29. The position of the
slit is marked on the magnetogram (Fig. 2(c)). The boxed region in Fig. 2(a) shows
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Figure 3. Same as Fig. 1, but for the flare event of 2001 April 6.

the transient change in the velocity oscillations and its magnified version is shown in
Fig. 2(b). Figure 3(a) is the space–time map for 2001 April 6 flare event. Here also,
in the magnified space–time map (Fig. 3(b)) one can notice enhancement in velocity
signals in localized position of the sunspot, close to the peak time of the soft X-ray flux.
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3.2 Power maps
In order to examine the enhancement of velocity signals in different frequency regimes
and locations, we have computed the power maps of the active regions in selected
frequency bands. It is well known that the typical distribution of acoustic power of
photospheric oscillations shows a maximum at around 5 min (3.3 mHz). The band of
dominant photospheric oscillations is in the regime of 2–4 mHz, with a decrease to
negligible power at higher frequencies in the quiet Sun (Hindman & Brown 1998, and
references therein). However, in active regions along with the reduced power in 2–
4 mHz band, there is a little higher power in the high frequency regime (5–6.5 mHz)
compared to the quiet part of the Sun (Venkatakrishnan et al. 2002, and references
therein). In our study, we analyse the effect of flare on velocity oscillations in active
regions. Therefore, we separate the aforesaid frequency bands for our analysis. The
procedure for producing the power map is as follows: First, we took a data cube of
filtered Doppler images of entire time series as mentioned in section 2. We then computed the temporal power spectra for individual pixels without averaging for time
duration of two hours before the flare and similarly for two hours during and after the
flare. At this stage, the time axis turns out to be the frequency axis. Now, we averaged the power images in the frequency regimes 2–4 mHz and 5–6.5 mHz, separately
for pre-flare and post-flare sequences. The obtained power maps for different days of
observation are shown in Figs. 4 and 5 for frequency regimes 2–4 mHz and 5–6.5 mHz,
respectively. The left-hand side images show the average power map obtained before
the flare while the right-hand side images are those obtained during and after the flare.
In these power maps, the encircled regions are locations with enhanced power. The
enhancement of power during the flare appears to be more pronounced in 5–6.5 mHz
band as compared to 2–4 mHz band. In all these events, it is recognizable that there
is little or no enhancement in the 2–4 mHz band. It is clearly seen that most of the
locations in the active region appear dark in the power map, indicating absorption of
power in the given frequency band. However, in the case of 2003 Oct 29 data, we do
observe that some individual pixels in the quiet and active region appear bright before
the flare in 5–6.5 mHz band. These could be noise appearing due to the bombardment
of high energetic particles to the CCD pixels.
In order to estimate momentum in the enhanced power regions, we have used the
integrated power over the pixels with enhanced signals (encircled regions shown
in Fig. 5) in the 5–6.5 mHz band. For a typical density value in the line forming
region ≈ 10−8 gm cm−3 , we have obtained momentum budget of ∼ 5.07 × 1023 ,
∼ 4.32 × 1021 , and ∼ 1.22 × 1022 dyn s for 2003 October 28 and 29, and 2001 April
6 flare events, respectively, in the 5–6.5 mHz band. This value is close to the momentum budgets for smaller M-class flares as has been deduced by Zarro et al. (1988) and
Canfield et al. (1990).
3.3 RMS map of velocity signals
In order to verify that the enhancement of the power obtained in power maps are due to
the flare in origin, we computed the root mean square velocity map (rms map). These
images were computed from the subtracted Dopplergrams. We have used the one hour
data centered at flare occurrence time. First, the mean velocity image was obtained
and then the rms image. In Fig. 6, the left-hand side images show the rms map of the
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Figure 4. Power maps computed from the Dopplergrams for 2003 October 28 and 29, and
2001 April 6 events, from top to bottom, respectively. Left hand side images are power maps
obtained by averaging the power in the frequency band 2–4 mHz for time duration of two hours
before the flare, while the corresponding right hand side images are those obtained during and
after the flare. The power maps on the left hand side have maximum (minimum) values of
power 83.61 × 103 (129.6), 70.673 × 103 (419.65), and 85.371 × 103 (284.273) m2 s−2 , while
for the right hand side images the values are 81.05 × 103 (250.76), 69.834 × 103 (386.14) and
83.613 × 103 (405.88) m2 s−2 , from top to bottom, respectively. The encircled regions show the
location of enhanced power.
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Figure 5. Same as Fig. 4, but for the frequency band 5–6.5 mHz. The power maps on the
left hand side have maximum (minimum) values of power 25.54 × 103 (245.1), 114.185 × 103
(213.846), and 253.85 × 103 (242.896) m2 s−2 , while for the right hand side images the values
are 258.07 × 103 (199.358), 40.352 × 103 (275.154) and 182.748 × 103 (265.769) m2 s−2 , from
top to bottom, respectively. The encircled regions show the location of enhanced power.

velocity signals obtained for an hour before the flare and the right-hand side images
are those for during the flare for the events of 2003 October 28 and 29, and 2001 April
6, from top to bottom, respectively. These rms maps show that there is enhancement of
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Figure 6. Root mean square (rms) images computed from the Dopplergrams for 2003 October
28 and 29, and 2001 April 6 events, from top to bottom, respectively. Left hand side images are
the rms maps obtained for an hour before the flare events, while the corresponding right hand
side images are obtained for an hour during the flare.

velocity signals at various locations of the active region during the flare events. This
can be readily seen by comparing the rms maps obtained during the flare with those
before the flare (left-hand side images). It should be noted that these enhancements
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are exactly in the same position as that found in the power images of 5–6.5 mHz band.
On 2003 October 28, these velocity enhancements look like two ribbons on either side
of a neutral line, as usually seen in Hα observations of solar flares. These velocity
enhancements are spatially located on one side between 130 and 160 arcsec in xdirection and between 120 and 140 arcsec in y-direction. The other enhanced region is
located between 150 and 250 arcsec in the spatial x-direction and 130 and 160 arcsec
in the spatial y-direction. Similarly, on 2003 October 29, the enhancement in the signal
can be seen between 50 and 150 arcsec in the spatial x-direction, diagonal to the map.
On 2001 April 6, the enhancement position is at 190 arcsec in the spatial x-direction.
The advantage of this rms map is that it shows the changes which have occurred in
time and also it shows the location of these changes in the active region. The rms map
represents average power over the available acoustic frequencies. In the rms map, one
can also notice that the sunspot region is dark compared to the surrounding region of the
spot, which is because of the absorption of acoustic modes in the sunspots as compared
to the quiet region. However, the locations of acoustic emissions in the active region
are bright. The coincidence of the positions of the velocity enhancements in both the
rms maps and power maps suggest that these enhancements in velocity signals are due
to the flare.
In order to examine the positions of the enhanced velocity signals with respect
to the hard X-ray positions, we used the RHESSI hard X-ray images in the range
100–300 keV. We then overlaid the contours of these hard X-ray signals on the rms
images. Unlike the rms images obtained above, here we used the full-disk, derotated
and subtracted Dopplergrams for rms image extraction. This is for easy alignment
of the rms images with the RHESSI and TRACE images. We also overlaid the contours of hard X-ray on the TRACE 1600 Å images to examine the positions of the
loops and the hard X-ray flux positions. Figure 7(a), (b) and (c) shows the contours
of RHESSI hard X-ray flux on the rms velocity image, the TRACE 1600 Å image and
MDI intensity image, respectively, for the 2003 October 28 flare event. Figure 7(d),
(e) and (f) shows the same for the 2003 October 29 flare event. In the case of the
2001 April 6 event, the RHESSI images are not available and hence we overlaid the
contours of the loops observed in TRACE 1600 Å on the rms image and MDI intensity image, which may be the position of the hard X-ray flux. Figure 7(a) and (d)
shows that brightening in the rms image occurs near the foot points of the hard X-ray
flux. Even in the case of the flare on 2001 April 6, the brightening in the rms image
coincides with the loop brightening of TRACE 1600 Å image. On 2003 October 28,
the enhanced velocity positions are not completely correlated with the hard X-ray
positions. The reason behind the lack of good correlation could be explained as follows: the RHESSI started observing the flare (after its night) at 11:07 UT, however
the flare had started much before this time (09:51 UT). Thus, RHESSI observations
could have missed the positions of hard X-ray source regions during the peak time
in the given energy band. The hard X-ray source region moves as the reconnection site moves (Krucker et al. 2003; Bogachev et al. 2005). Since the flare started
much before the RHESSI observations whereas MDI covered the whole event at a
cadence of 1 min, the different excited positions in velocity are observable in MDI
data, however RHESSI might have missed the corresponding positions in the hard
X-ray.
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Figure 7. (a) The contours of RHESSI hard X-ray flux in the range of 100–300 keV, during
the time interval 11:07–11:08 UT overlaid upon the rms image of 2003 October 28 flare. The
contour levels are 90%, 70%, 50% and 30% of the maximum count. (b) The same contours
overlaid upon the TRACE 1600 Å image observed at 11:28 UT. (c) RHESSI contours overlaid
upon the MDI intensity image. (d), (e) and (f) are same as (a), (b) and (c) but for the data of 2003
October 29. The contour levels are 90%, 70%, 30% and 25% of the maximum count between the
time interval 20:42–20:43 UT. The TRACE 1600 Å image was observed at 21:08:53 UT. (g) and
(i) show the contours of the loop brightening observed in the TRACE 1600 Å flare overlaid upon
the rms image and MDI intensity image of the 2001 April 6 flare event. (h) The TRACE 1600 Å
image obtained at 20:03 UT is shown for comparison.

4. Summary and discussions
The study of velocity enhancements during X-class flares in the active regions NOAA
10486 and 9415 on 2003 October 28 and 29, and 2001 April 6, respectively, showed
the following results:
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• Transient change in velocity signals have been observed, which appear to precede
the peak time of the GOES soft X-ray flux.
• These enhanced velocity signals are close to the vicinity of hard X-ray source
regions.
• The enhancement in the velocity signal is found in the frequency regime
5–6.5 mHz, while little or no enhancement is observed in 2–4 mHz band.
The hard X-ray emissions have their origin from the non-thermal bremsstrahlung of
accelerated electrons in solar flares (Brown 1971; Hudson 1972). The large flux of nonthermal energetic electrons can heat the chromospheric plasma (Fisher et al. 1985),
and this sudden heating causes thermal instability which expands the chromospheric
plasma to the temperature of the corona. This will happen when the hydrodynamic
expansion time scale is larger than the heating time scale (Fisher et al. 1985). Further,
the increase in plasma pressure will cause explosive evaporation of the chromospheric
plasma into the corona and then downward settlement as chromospheric condensation
(Fisher 1989), as has been evidenced in red wing asymmetry of Hα line profiles. The
downward propagating plasma and shock waves ahead of plasma were assumed to
be the agents delivering momentum to the photosphere which can result in observed
excited acoustic signature. The excited velocity signals appear as red-shifted in those
locations for short duration.
The global p-modes that are observed to be always present on the Sun are excited by
turbulence in the convection zone (Goldreich & Kumar 1990, and references therein,
Stein & Leibacher 1974) and are modified in active regions due to absorption of
acoustic waves by magnetically inhomogeneous media (Braun et al. 1988). In addition
to this continuous source of excitations, transient phenomena like flares can contribute
additional energy to these modes. Even if a small fraction of the energy released by
flare is transferred to oscillations in active region, it can increase the amplitude of
oscillation significantly. However, the photosphere and magnetic field in active region
provides a boundary condition for the p-modes and any source of additional energy
from the external agent may affect these oscillations for short spans, as these cannot
be sustained by the cavity. This can lead to the enhanced velocity oscillations during
flare events.
On the other hand, there are some evidences about the Ni I 6768 Å line profile
turning into emission during strong X-class flares (Qiu & Gary 2003). The nonthermal electrons can produce heating at the foot points of the magnetic field lines.
Using non-LTE calculations, Ding et al. (2002) found that the Ni I 6768 Å line
may appear in emission in the presence of strong electron beams in a cool atmosphere like sunspots. They also found that even if the atmosphere gets hot in the
absence of energetic particles, the line profile may not turn into emission. If the
line profile turns into emission during the flare, then there is a possibility of a sudden change in the velocity signal. This change in velocity signal persists till its
source dies down. To examine this, one needs to have the spectral line information of
line from which the Dopplergrams have been obtained. The future space-based missions like Solar-B may help in this context. In any case, one needs to study more
about the velocity oscillations in active regions during the flares, since it may provide an exciting clue to the sub-photospheric flows as well as thermal anomalies in
sunspots.
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