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Abstract. We present new results from the coordinated observations between the THEMIS telescope (in the multi-line
spectropolarimetric mode) and Michelson Doppler Imager (MDI) on SOHO obtained in November 2000 for active re-
gion NOAA 9236 which was the source of several X-class flares. The goal of these observations was twofold: to verify
MDI measurements of the line-of-sight components of flow velocity and magnetic field, and to obtain more information about
the photospheric flows and magnetic fields in flaring regions. Using the simultaneous observational data in several lines we have
analyzed the structure and dynamics of this active region at the photospheric level before and after a X4.0 flare of November 26,
the last major flare produced by this very active region. Vector magnetic field maps are computed from the THEMIS data by
full inversion of the Stokes line profiles. In the Doppler velocity maps from THEMIS and MDI, we observe fast photospheric
flows which appear to be supersonic in two regions located close to the region where the flare occurred. These flows seem to
be long-lived (several hours at least). In one position, we observe a supersonic downflow strongly inclined with respect to the
vertical (by 51◦), while in another position, a flow suggesting a strong shear with a supersonic component as well, although
almost horizontal upflows and downflows cannot be ruled out in that case. These flows seem to be present at least 8 hours before
the flare, and the amplitude in the second case appeared to be modified during the flare, especially, during the first minutes.
In the MDI data, we observed strong permanent changes of the longitudinal magnetic flux, associated with the flare. The role
of the strong flows and their interaction with the magnetic field in the development of the active region and the flare is not
understood yet.
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1. Introduction

Observations of photospheric magnetic fields and flows as well
as plasma thermodynamic properties in flaring active regions
are important for understanding the mechanisms of energy stor-
age and release. Despite the long history, these observations
have not produced a clear picture of the flare processes in the
photosphere. Severny (1958) first discovered that solar flares
tend to occur in the vicinity of neutral lines separating regions
with opposite polarities of the line-of-sight (LOS) magnetic
field components, and where the field gradient is particularly
strong (of the order of 1 G/km). Martres & Soru-Escaut (1977)
argued that flares were often associated with the neutral line of
the line-of-sight velocity. Several observers found significant
upflows in the photosphere prior some flares (e.g. Yoshimura
et al. 1971; Harvey & Harvey 1976). More recent observations
(Keil et al. 1994) revealed strong horizontal and shearing flows
near flare kernels. However, the role of the photospheric flows
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and magnetic fields in the mechanism of solar flares is still not
understood.

The space observations from Michelson Doppler Imager
(MDI) on SOHO (Scherrer et al. 1995) provide an unique
opportunity to study the structure and variations of the LOS
magnetic field and flows in flare regions. However, the LOS
information from a single line is insufficient for physical inter-
pretation of these observations (Kosovichev & Zharkova 2001).
Also, the MDI measurements, obtained from a sequence of fil-
tergrams taken in four positions across the spectral line, suf-
fer from saturation in the case of strong flow velocity and
field strength, and also may be not sufficiently accurate when
rapid changes, on the a few minute scale, occur. Therefore, it is
highly desirable to combine the MDI data with spectral ground-
based observations of solar flare. In this paper, we report about
one of the first attempts of such coordinated observations which
were carried as a part of the SOHO Joint Observing Programs.

We have performed spectropolarimetric observations of
a flaring active region at the photospheric level using the
THEMIS telescope. Our objective is to describe the complex

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20031435

http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20031435


542 N. Meunier and A. Kosovichev: Fast photospheric flows and magnetic fields

topology of this active region by using vector magnetic field
measurements, investigate mass flows, and study the variations
of magnetic field and flows, associated with a strong flare. We
also study the spectral characteristics in the flare region, and,
particularly, unusualV and Q Stokes spectra. The outline of
this paper is the following. In Sect. 2 we describe the coor-
dinated THEMIS and MDI observations on SOHO, as well
as also additional Hα observations obtained at the CU Cesco
Station in Argentina. The processing of THEMIS data is de-
scribed in Sect. 3. In this paper we use the multi-line capabil-
ities of THEMIS mostly to confirm that the strong flows we
observe are not an observational bias. The precise compari-
son between the different wavelengths will be the subject of
a future paper. Analysis of the results is made in Sect. 4: We
describe the general evolution of the region and then empha-
size the strong flows which are observed in both THEMIS and
MDI data. These new results are summarized and discussed
in Sect. 5.

2. Observations

2.1. THEMIS: Multi-line spectropolarimetry

Observations were performed using the multi-line spectropo-
larimetric mode (MTR) of THEMIS telescope. This mode,
described by Paletou & Molodij (2000), allows simultaneous
I+Stokes andI−Stokes observations. The field of view was
∼110 arcsec in the direction along the 0.5 arcsec wide slit. We
observed sequences of Stokes parameters [Q,−Q,U,V] to al-
low for a beam exchange analysis. It took∼6 s to record such a
sequence on 6 cameras (3 spectral domains). In this paper, we
focus on three observations of active region NOAA 9236, that
are summarized in Table 1.

The two scans of this region were performed with a step
of 0.8 arcsec and the time exposure of 800 ms. The first
scan was made during a better seeing period (in the range
of 1–2 arcsec). The angle between the normal to the solar sur-
face and the line-of-sight was∼41◦ at the center of the region
(on Nov. 26). In addition, spectropolarimetric observations at a
fixed position were carried out near the end of the Hα emission
of the X4.0 flare occurring between 16:38 and 17:32 on Nov. 26
(see Fig. 1). The exposure time was 600 ms. During these ob-
servations, the Sun was rather low, about 9◦ above the horizon,
and the seeing was poorer (several arcseconds).

In all cases, the flat-field measurements were made using an
elliptical motion of the telescope in a quiet region around disk
center. The slit was oriented toward the celestial North. The
spectral resolution was between 18.5 and 22.8 mÅ per pixel
depending on the wavelength.

The line characteristics are described in Table 2.
The Fe I 6301.5 and 6302.5 Å lines have characteristics
only slightly different from the Ni line, but the 5635.8
and 5634.0 Å lines are formed much deeper in the photosphere.
One should note that other values for the line formation height
have been published, for example the value of∼200 km for
the Ni I 6767.8 Å line by Jones (1989). The difference be-
tween this last computation and the results of Table 2 could be
due to slightly different computation method, in particular the

Table 1. Characteristics of THEMIS observations: Set 1 is
[Fe I 6302.1 Å and 6302.5 Å, Fe I 5576.1 Å, Ni I 6767.8 Å],
set 2 is [Fe I 6302.1 Å and 6302.5 Å, Ni I 6767.8 Å, Fe I 5635.8
and 5634.0 Å]. The indicated time corresponds to the starting time
of the observation. Ascanmeans that the whole region has been ob-
served. Thefixedposition corresponds to the slit positioned as indi-
cated in Fig. 2.

Date Time Length Type Wavelength
25 Nov. 2000 8:34 29 min scan set 1
26 Nov. 2000 8:24 29 min scan set 1
26 Nov. 2000 17:20 12 min fixed set 2

Table 2. Spectral line characteristics for the wavelength used in this
paper. Lande factors are courtesy of J.-F. Donati. The line formation
heights above the photospheric level are computed from the LTE re-
sponse functions at the disk center for the atmosphere model VAL-C
(K. Puschmann, private communication).

Wavelength (Å) Land´e factor Formation height
6302.5 2.487 281 km
6301.5 1.669 400 km
6767.8 1.426 374 km
5635.8 0.677 153 km
5634.0 1.425 22 km

physical quantity for which the response functions are com-
puted. Therefore it is important to compare line formation
heights with computations made in similar conditions, as
in Table 2. One should also keep in mind that these line forma-
tion heights are averaged over a larger distribution and there-
fore provide only an approximation.

2.2. MDI/SOHO: Full-disk magnetograms
and Dopplergrams

The THEMIS observations were coordinated with MDI/SOHO
observations, which provide maps of the line-of-sight com-
ponent of the magnetic and velocity fields (Scherrer et al.
1995). The MDI observations are made in the Ni I 6767.8 Å
spectral line, which was also used for THEMIS observations
(see Table 2). We used MDI in the full-disk mode (FD)
from Nov. 26 (8:00) to Nov. 26 (24:00), with a temporal ca-
dence of 1 min (the pixel size is 2 arcsec). The observed active
region has been tracked to remove the displacement caused by
solar rotation.

2.3. OAFA: Full disk Hα images

We have analyzed Hα full-disk images obtained with
the Hα telescope from the CU Cesco Station at the
Observatorio Astron´omico Félix Aguilar (OAFA) in Argentina
between 16:00 and 18:00 UT on Nov. 26, 2000. The data
are available with a temporal cadence of approximately 12 s
and a relatively low spatial resolution, significantly lower
than 2.1 arcsec defined by the pixel size. The intensity level
reached a saturation level in the flare region. Unfortunately
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Fig. 1.GOES X-ray flux in the range 1–8 Å for Nov. 26, 2000. The first
flare (from 2:47 to 3:20 UT) is an M2.2 flare with a total energy of 4×
1021 J and is located around latitude 19◦ and longitude 30◦ while the
second one (from 16:34 to 16:56) is a X4.0 class flare with a total
energy 10 times larger and is located around latitude 18◦ and lon-
gitude 38◦. The thick vertical dashed line indicates the time of the
THEMIS scan (Nov. 26, 8:24) and the thin dashed line shows the time
of the fixed position THEMIS observation (Nov. 26, 17:20). The thick-
ness of these lines is proportional to the duration of the observation.
The duration of Hα flares are indicated by 2 small horizontal lines.
The long horizontal dotted-dashed line corresponds to the MDI obser-
vations used in this paper.

10 min of the Hα data simultaneous with our THEMIS obser-
vations were lost because of clouds (Nov. 26, 17:20).

3. THEMIS data processing

3.1. Stokes parameter computation

The main steps of the THEMIS data analysis are the following:
(i) Flat-field and line curvature correction. For each Stokes

parameter of the averaged flat-field, we compute the spectral
line curvature. After a correction of the curvature, a mean spec-
tral profile is computed. The flat-field images are normalized by
this profile to remove the spectral signatures and shifted back
to the initial line curvature. The scan spectra are corrected for
the flat-field before the curvature correction, which is then per-
formed using the curvature values computed for the flat-field.

(ii) Shift in x (wavelength) andy (spatial). The shift in
wavelength (x coordinate) is computed using a profile averaged
over each spectrum. A cut in the slit direction averaged over the
continuum is used to compute the spatial shift (y coordinate).
For these calculations we use a cross-correlation of the granu-
lation signal.

(iii) Beam exchange computation. We compute the Stokes
parameters using the beam exchange technique: StokesQ is
computed separately for each optical path using two spectra
taken at a different time, and, then, the two resultingQ spec-
tra are averaged. For StokesU andV, the technique is simi-
lar except that theQ measurements are also used, i.e. we need
3 spectra for each optical path (during our observations the

Table 3.Polarization phase versus wavelength for the analyzer plates
(Characteristics and code kindly provided by F. Paletou).

Wavelength (Å) Phase (degrees)
5576 93.18
5636 92.95
6302 89.71
6768 86.99

beam exchange was possible for one Stokes parameter only,
see Sect. 2.1).

(iv) Crosstalk corrections. Although THEMIS is a polar-
ization free instrument, the quarter wave plates are not perfect
for all wavelengths, and the polarization phase can be off by
several degrees (see Table 3). The amplitude of the crosstalks
reaches a few percents for some of our wavelengths.

(v) Zero corrections. Due to the problem of “co-spatiality”
between the two slits described in more detail in the next sec-
tion, the simultaneous spectra ofI+Stokes andI−Stokes (see
Sect. 2.1) do not correspond to the same position on the Sun.
As a consequence there are residuals in the continuum of the
Stokes spectra, especially in theU profiles. This represents a
problem for inversions. Therefore, we have subtracted the ob-
served zero from the data, modulated by theI profile.

(vi) Line-of-sight components computation. Maps of LOS
magnetic and velocity fields are obtained using the center-of-
gravity method (Rees & Rayrole 1979) applied to theI ± V
spectra. Results are shown in Fig. 2 for the two scans of the
region.

(vii) Vector magnetic field computation. This is performed
over the whole field of view using a computer code kindly
provided by T. Metcalf. This code, described by Jefferies
et al. (1989), is routinely used at the Mees Observatory
(University of Hawaii) for preliminary data reduction of the
Haleakala Stokes Polarimeter data. It is based on the weak-
field approximation and does not perform a full inversion.
The 180◦-ambiguity of the azimuth is solved using the same
code (see, e.g. Canfield et al. 1993), as well as the projection
effects. The maps are very similar for the Ni and Fe lines. A full
inversion of the interesting profiles has also been performed us-
ing the inversion code described in Fruttiger (2000). This code
allows to consider models with any number of structural com-
ponents (magnetic or not) and takes into account variation of
the model parameters with height.

3.2. Main limitations

We summarize here some limitations of our THEMIS obser-
vations in addition to the crosstalks and zero corrections men-
tioned above (some of them are discussed by L´opez Ariste et al.
2000):

(i) Cospatiality. The polarimeter is followed by a calcite
beam splitter and two slits to allow the simultaneous analysis
of I+Stokes andI−Stokes (see Sect. 2.1). As a consequence,
the two slits must be adjusted with great precision to allow
observations of the same position on the Sun. Unfortunately,
this did not work well during these observations; there was a
difference of 0.23 arcsec between the two beams, because the
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Fig. 2.Maps of continuum intensity (top), line-of-sight magnetic field (middle) and velocity (bottom) observed with THEMIS using the Ni line,
for Nov. 25 (8:34 UT) and Nov. 26 (8:24 UT) scans. The vertical line shows the approximate position of the slit during the fixed position at
the time of the flare. The cross corresponds to the plot in Fig. 10 (left). The top corresponds to the celestial North.

instrument configuration did not allow a good precision for this
adjustment. This problem and its influence on spectropolari-
metric precision are discussed by Meunier et al. (2002).

(ii) Image motion and seeing. There is no image stabiliza-
tion in the telescope. The actual spatial resolution for the fixed
position spectra after averaging is of the order of 1.5 to 2 arcsec.
The scan spectra have a better spatial resolution, but stronger
contaminated by Doppler residuals (no averaging is done).

(v) Absolute wavelength. There is no absolute wavelength
calibration. Therefore, the zero level of the longitudinal veloc-
ity is not known precisely (an uncertainty of 100 to 200 m s−1

is likely). Furthermore, the spectra between the two paths have
to be shifted as well as each image of a series for a given path
because a trend with time is observed. The presence of mag-
netic field introduces some noise in this computation, and this
is taken into account in the data reduction.

(vii) Atmospheric refraction. The various wavelengths are
observed simultaneously with THEMIS. However, because
of the atmospheric refraction, the observations are not at
the same position on the solar surface. If the slit is per-
pendicular to the horizon, a shift along the slit is suffi-
cient to correct for this problem, with only a small loss in
the field-of-view. However, if the slit is not perpendicular to
the horizon (and this was the case for these observations, es-
pecially for the flare data obtained at 17:20), then the inter-
pretation becomes more difficult. For example, for our flare
observations, the 5635.8/5634.0 Å lines correspond to a po-
sition more than 1 arcsec away from the 6767.8 Å line, with
the 6301.5/6302.5 Å lines in between.

Other limitations are due to magnification and focus differ-
ences (the adjustments are made with a precision of 0.5% for
the magnification for example) and to uncertainties in pixel size
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calibrations. They can limit the precise comparison between
wavelengths.

4. Results

4.1. General description of the evolution of AR 9236

The observed region, illustrated in Fig. 2 (THEMIS) and Fig. 3
(MDI) contained a roundish spot with an extension in the ap-
proximate direction towards the disk center. It had magnetic
typeβγ. The spot was of the positive (leading) polarity. The op-
posite polarity region (following polarity) constituted of plages
only and is not visible on these maps (it is located East to the
observed region). On Nov. 22, some small spots of opposite po-
larity appeared West of the large spot. The location of emerg-
ing magnetic flux of the opposite polarity moved later toward
South: on Nov. 25 and Nov. 26, the opposite polarity spots were
located mainly South to the main spot. This region has been
very active over 3 days, Nov. 24–26, producing big flares on the
last day of this run. Most of these large flares produced CMEs.

In this paper, we concentrate on the evolution of the region
on Nov. 26 during 16 hours starting at 8:00 UT, and on the flare
which started at 16:38 UT in Hα intensity (see Fig. 1). Figure 4
shows contours of the Hα intensity shortly after the beginning
of the flare superimposed on the maps of magnetic and ve-
locity fields from MDI (the South part of the active region).
The Hα emission covered a wide region with the angular size
of more than 1 arcmin and was located close to the small spot
of the opposite polarity and to the neutral line. It overlapped
with the region where strong velocity flows of both signs are
found. In particular, the brightest part of the flare was close to
the strong positive velocity flows. The variations of the mag-
netic and velocity fields occurred mostly in these regions, as
can be seen from the rms value of the magnetic field and veloc-
ity signals for the 16 hours of the MDI data for each CCD pixel
(Fig. 4). Figure 2 displays maps of the LOS components for the
scans made on Nov. 25 and Nov. 26, revealing completely dif-
ferent magnetic and velocity patterns South of the main spot,
between the two observations separated by 24 hours.

More details of the evolution of the line-of-sight magnetic
flux are shown in Fig. 5 separately for positive and negative po-
larities for selected regions. For the whole active region shown
in Fig. 3 (which includes the main spot with surrounding op-
posite polarity small spots), the positive magnetic flux was de-
creasing steadily starting at least 8 hours before the flare, while
the negative magnetic flux was slowly increasing.

At the time of the flare, a sharp increase of the positive
magnetic flux by 1021 Mx is observed during at least 1 hour.
The flux continued to vary after the end of the flare. The neg-
ative flux, however, decreased abruptly at the beginning of the
flare by 0.5 × 1021 Mx, and then continued to decrease more
slowly. In region 1, we observe a similar evolution at the time
of the flare, which is consistent with the fact that most of the
evolution related to the flare occurred in this region. However
most of the variation observed before the flare in the whole
active region occurred somewhere else because the flux was
quite constant in region 1 before the flare. A third of the pos-
itive flux increase was observed in region 2, and another third

in region 3, although the increase was more gradual in the lat-
ter. On the other hand, the negative flux was decreasing mostly
in region 3.

We note that a strong variation of the magnetic field in
one pixel could correspond to flux emergence, flux cancella-
tion, or motions of magnetic structures (or of the neutral line).
Because MDI measures only the line-of-sight component of
the magnetic field, the observed variation could also be caused
by changes of the inclination of the magnetic field lines. In
some cases, the slow change of the line-of-sight flux could
be caused by solar rotation. For instance, the relative changes
of the whole-region flux, shown in top panels of Fig. 5, be-
fore the flare,|d log|B|/dt| ' 2 × 10−6 s−1, are comparable
with the maximum change of 2.7 × 10−6 s−1, due to the pro-
jection effect. However, in the case of region 2 (middle left
panel in Fig. 5), the flux decrease rate before the flare was much
stronger,'1.2×10−5 s−1, and must be related to changes in the
magnetic field structure in the flaring region.

In addition, MDI observations of the line-of-sight magnetic
fields, which are obtained from nine filtergrams taken with 3-s
cadence, can be affected by rapid variations of the line pro-
file and intensity due to the photospheric heating in the region
of the flare. However, these effects can be significant only for
rapid transient variations in the MDI signals. Clearly, the per-
manent changes that have been observed during the flares and
never restored after the flares for the whole period of obser-
vations lasting hours and days, cannot be explained by flare
heating which does not last that long. Also, unlike traditional
magnetographs, MDI accounts for the variations of the line
intensity that are slower than the 30-s measurement time.
Therefore, the permanent changes of the line-of-sight mag-
netic signal detected by MDI certainly result from the struc-
tural changes of magnetic field related to solar flares. However,
the transient impulsive variations in the MDI magnetic signal
may be affected by the line-profile variations. These impulsive
magnetic signals correlate spatially and temporally with hard
X-ray impulses and, therefore, are likely be caused by direct
hits of the photosphere by high-energy particles (Kosovichev &
Zharkova 2001). Whether these effects are mostly of the ther-
mal or electromagnetic nature is not known yet. Simulations
of the MDI measurements for some of the impulsive events
published by Kosovichev & Zharkova (2001) showed that the
thermal effects can be responsible only for a relatively small
portion of the observed variations. We note that a detailed dis-
cussion of these effects is beyond the scope of our paper; a com-
plete interpretation requires high-cadence observations of the
Stokes profiles of the Ni I 6767.8 Å line for such events, which
are not yet available.

In the next section, we will investigate in detail two small
regions of interest defined in Fig. 4, as regions 2 and 3. These
regions are characterized by strongest variations of magnetic
fields and the largest velocity flows, and also showed the most
unusual Stokes profiles in the THEMIS data. Region 2 exhibits
a strong stationary downflow (positive) velocity flow (corre-
sponding to redshift of the spectral line), while strong flows,
directed both up and down, are observed in region 3, especially
at the time of the flare.
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Fig. 3. MDI line-of-sight magnetic field (left, in G) and velocity field (right, in m s−1) at four different times (from top to bottom): 10:00, 15:38
(one hour before the beginning of the Hα flare), 19:02 (∼1.5 hour after the end of the Hα flare), and 24:00 UT (Nov. 26, 2000).
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Fig. 4.Top: Map of the line-of-sight magnetic field component (left, in G) and Doppler velocity field (right, in m s−1) observed by MDI (Nov. 26,
2000, 8:00 UT). Boxes indicate regions that are investigated in detail in the paper. Positive velocity is redshifted (shown in light color). The
images have been rotated to match the orientation of THEMIS data.Middle: Same maps, with contours of the rms magnetic field (left, solid line
100 G, dashed line 200 G) and velocity field (right, solid line 300 m s−1, dashed line 500 m s−1) in each pixel.Bottom: Map of the line-of-sight
components of magnetic field (left, in G) and velocity field (right, in m s−1) observed with MDI at 16:46 UT (i.e. close to the beginning of the
flare) on a smaller field of view, on which are superimposed several Hα intensity contours from 3500 to 6700 ADU (Analog Digit Unit).

4.2. Analysis of region 2

4.2.1. Observation of a supersonic flow

A very interesting feature in the Nov. 26 scan of the re-
gion made by THEMIS (Fig. 2) is a very strong downflow

(redshifted), clearly visible in the StokesV spectrum shown in
Fig. 6. This figure also shows the location of this region, which
corresponds to the relatively large flows observed in MDI
region 2 in Fig. 7 at the same time (around 1400 m s−1).
However, the signal observed in the THEMIS data correspond
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Fig. 5. Top plots(four rows): Positive (left) and negative (right) magnetic flux in different regions of the field of view (numbers refer to regions
defined in Fig. 4). The vertical dashed line marks the beginning of the Hα flare. The dotted line correspond to one hour before the beginning
of the Hα flare and to 1.5 hour after its end. The arrows indicate that the region has been observed with THEMIS at that time. The projection
effects are small.Bottom: GOES X-ray flux in the range 1–8 Å for comparison (same as Fig. 1).
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Fig. 6. Contours (top) show regions where the amplitude of StokesV
is large at∼300 mÅ from the line center (at zero LOS velocity), super-
imposed on a map of LOS velocity field (Ni line) made at THEMIS
on Nov. 26 (8:24 UT). Note that in the center of the spot, the struc-
tures correspond to some Zeeman signal due to some weak lines. We
are mainly interested in the region pointed by the arrow. An example
of V spectra (positionx = 105 arcsec) across this region is shown at
thebottom left. A cut throughV around positiony = 40 arcsec shows
an abnormal profile (bottom right). Heliographic North is∼18◦ CCW
from the top.

to a signal much further from the line center than could be mea-
sured by MDI. We can fit such a profile with an unshifted “nor-
mal” V profile added to a strongly redshifted (10 km s−1) “nor-
mal” V profile of the same polarity. The resulting LOS flow is
therefore supersonic: the sound speed in the photospheric lay-
ers is about 6–7 km s−1 (Kentischer & Mattig 1995). This flow
occupies a 5× 2 arcsec2 region, and is resolved in our data. It
is also mostly observed in StokesV, while almost no signal is
visible in StokesQ andU. The center-of-gravity method ap-
plied to the same THEMIS data shows a flow of only 3 km s−1,
close to what is provided by MDI observations (it is larger
by a factor two, probably due to the better spatial resolution
in THEMIS observations). This feature is visible at all wave-
lengths. A strongly redshifted signal is also seen in StokesI ,
including for the 5576.1 Å line. Since this line is not sensitive
to the magnetic field, we can rule out abnormal behavior of the
magnetic field to explain these observations. Thus, this is very
likely to be due to a real strong Doppler redshift.

4.2.2. Inversion and magnetic topology of region 2

From the THEMIS Stokes spectra, we compute vector mag-
netic fields using the weak-field method described in Sect. 3.1.
The results are shown in Fig. 8. The average inclination (in the
local frame of reference) in the strong flow zone is 51◦, and,
therefore, the field lines are significantly inclined with respect
to the vertical (0◦) in this zone. If the flow is following the mag-
netic field then these supersonic flows are also inclined with
respect to the vertical. Note that even without the knowledge
of the inclination, we can conclude that these flows are su-
personic. The azimuth is in the range [40◦, 60◦] (i.e. the field
line are approximately in the North direction). We have also
performed full inversion of Stokes profiles in that region, us-
ing two magnetic components (in addition to one non-magnetic
component). We did not include any depth-dependence except
for the temperature as it did not improve our fits significantly.
The polarity of the shifted component has the sign of the main
polarity in the region. We find differences in the inclination for
the two magnetic components in the range [−30◦, 30◦] and dif-
ferences in azimuths between 0 and∼30◦. This means that the
region exhibits a complex magnetic topology.

4.2.3. Temporal evolution of the flow

We were able to obtain only one spectropolarimetric obser-
vation of this strong flow with THEMIS. The scan made
the day before did not show any similar behavior. Therefore,
the THEMIS observations alone do not tell us anything about
the temporal characteristic of this supersonic flow. However,
the strong redshifted flow observed by MDI at the same lo-
cation (Fig. 7) and at the same time corresponds to the same
flow (although, of course, it is underestimated due to the
MDI magnetograph-type technique). This flow, of the order
of 1400 m s−1, is remaining until the beginning of the flare as
shown in Fig. 7 (top-right of the figure). The strong flow ob-
served after the flare may correspond to a different structure
since this flow slowly decayed throughout the day, as follows
from Fig. 3. This observation suggests that the strong super-
sonic downflow observed with THEMIS is long-lived (at least
8 hours), and that we observed its decaying phase. Note that
there were also strong blueshifted flows in that region 1.5 hour
before the flare the maximum amplitude of the negative veloc-
ity (blue shift), which reached a peak of almost 2 km s−1. This
means that there was a very strong shear flow before the flare.

4.3. Analysis of region 3

4.3.1. Line-of-sight magnetic and velocity fields

Region 3 (shown in Fig. 4) also exhibits strong plasma flows
observed in the MDI data. This region was observed twice with
THEMIS on Nov. 26: first, on a scan of the region made on the
morning of Nov. 26, and, then, at the end of Hα flare. In this lat-
ter observation, the slit was at a fixed position (shown in Fig. 2)
during 12 min. THEMIS LOS magnetic and velocity fields as
well as the continuum intensity during the last 12 min of the
flare are shown in Fig. 9 for the Ni line. The other wavelengths
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Fig. 7.Minimum (left) and maximum (right) velocity in regions 2 and 3 (numbers refers to regions defined in Fig. 4) from MDI data. The vertical
dashed line marks the beginning of the Hα flare. The dotted line correspond to one hour before the beginning of the Hα flare and to 1.5 hour
after its end. The arrows indicate that the region has been observed with THEMIS at that time. The projection effects are small.

Fig. 8.Vertical magnetic field strength (top left, in G), horizontal magnetic field strength (top right, in G), azimuth (bottom left, in degrees), and
inclination with respect to the vertical (bottom right, in degrees) for the Nov. 26 scan made at THEMIS (8:24), after correction of the 180◦ am-
biguity (see text, Sect. 3.1) and projection effects, using the Mees Observatory code (see text). The reference for the azimuth is shown at the
top of the plot. Thin white lines show the location of strong velocity flows (−2 km s−1) corresponding to the blueshifted part of region 3. Thick
white lines show the location of a strong StokesV amplitude at∼300 mÅ from the line center (same as Fig. 6 top with umbra signal removed),
corresponding to the strong flow in region 2.
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have a similar behavior. These data are less noisy than the data
obtained by scans, because we were able to average 125 spec-
tra together. We observe a strong negative velocity of∼3 km s−1

(blueshift, corresponding to upflow), which was already visible
on the Nov. 26 scan (i.e. 9 hours before). This suggests that this
is a long lived structure despite the occurrence of the flare in
that region. However we also observe a strong positive velocity
of ∼1.3 km s−1 which was not clearly visible on the morning
scan. So, the region has significantly evolved over that time
period, as can be seen in Fig. 3, which shows MDI maps at
different times. These two velocity features are located North
of the neutral line (next to the small spot of opposite polarity).
The peaks of these two flows are separated by 11 arcsec and are
quite stable during the 12 min of observations. The amplitudes
of the peaks are also stable. However, some variations (1 km s−1

over 12 min) are seen in Fig. 9 at coordinates [40′′, 47′′] along
the slit. Such variations could be related to the occurrence of
the flare, and to changes observed in the MDI data after the
flare on the scale of 1 hour in region 3.

4.3.2. Fine structure of the flows

The line-of-sight magnetic and velocity fields shown in Fig. 9
are similar for all wavelengths of the data set. The 5635.8
and 5634.0 Å lines also show a double structure in the nega-
tive velocity flow region, which is clearly seen on several in-
dividual spectra. They are separated by a distance of 5 arcsec.
There is probably a double structure in the positive velocity
flow as well, visible on some individual spectra, with a separa-
tion of 1.5 to 3 arcsec. Given the relatively poor spatial reso-
lution of these data, the difference in pointing due to the atmo-
spheric refraction probably has a small effect. Therefore, it is
likely that the more complex structure (with smaller features)
is due to the low formation height of these lines.

The peak-to-peak amplitude of the velocity signal (which
is independent of the chosen zero) varies with the wavelength:
it is larger for the 5635.8 and 5634.0 Å lines (resp. 4.79 km s−1

and 4.58 km s−1) and smaller for the other wavelengths
(4.31 km s−1 for the Ni line and 4.00 km s−1 for the 6301.5 line).
We exclude the 6302.5Å line from this comparison because the
computation of the line-of-sight velocity is less reliable due to
the presence of a telluric line across the shifted line. The maxi-
mum amplitude for the negative velocity field is also larger for
the 5635.8 line (3.08 km s−1), and smaller for the 6301.5 line.
Again, this difference is probably due to the different height
formation of these lines.

4.3.3. Stokes profile analysis and inversion results

The Stokes spectra for the Ni line in the region around
the flare (after averaging over 125 frames, at 17:20) are
shown in Fig. 10. Just above the LOS magnetic field reversal
(position 8′′), one can clearly see the strong negative velocity
flows, previously seen in region 3. We also observe peculiar
Q profiles, in particular for the Ni line, as shown in Fig. 10.
A closer inspection of theQ profiles shows two components:
one that would be blueshifted corresponding to LOS velocity

Fig. 9. LOS velocity field (solid line) from which the average has
been subtracted, magnetic field (dashed line) and continuum inten-
sity (dotted line) along the slit from THEMIS observation made at a
fixed position on Nov. 26 (17:20 UT), using the Ni line. The small
horizontal line correspond to the position where a variation over time
is observed (see Sect. 4.3.1).

of ∼5 km s−1, and another to zero velocity. This feature is visi-
ble over several pixels along the slit and seems to form a coher-
ent structure. These abnormalQ profiles were also observed in
the morning scan 9 hours before, and, therefore, probably cor-
respond to long-lived features. It is also very clearly visible in
the 5634.0 and 5635.8 Å lines, which are formed deeper, but
almost not visible in the 6301.5 line, and not visible at all in
the 6302.5 line. The structure of the downflow region seems
to be more simple, although the StokesU profiles are quite
complex.

From the computation of the vector magnetic field (using
the first method with a single component only, see Sect. 4.2.2
and Fig. 8) for the morning scan, we find an average inclination
of the negative velocity zone of about 84◦, that is almost hori-
zontal (90◦). We also obtain a similar azimuth over the whole
zone, in the range [60◦, 70◦]. If the flows are aligned with the
magnetic field, this would correspond to a strong shear since
the adjacent velocity components (of opposite sign) would be
close to horizontal and in the same direction. The inclination
with respect to the LOS is∼58◦ in the region of large neg-
ative velocity flow, which gives amplitude of 9.4 km s−1 for
a 5 km s−1 LOS component of flows. This is also supersonic.
A MDI movie of the LOS magnetic field in the region does not
show any motion of small magnetic features that would cor-
respond to such an horizontal flow, but this could be due to
the insufficient spatial resolution. The amplitude of this flow,
integrated over the whole time period corresponds to a large
distance, which may look surprising; if these observations cor-
respond to downflows and upflows, for example, they would be
more or less perpendicular to the magnetic field lines, which is
also puzzling. However, the observations of such flows could
mean that the magnetic field has unresolved filamentary struc-
ture allowing plasma to flow throw without disturbing the field
lines.
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Fig. 10.Left: Stokes spectra for the Ni line in the flare region (the neu-
tral line is at the bottom of that field-of-view) on Nov. 26 (17:20 UT).
The y-axis is along the slit.Ic is the continuum intensity. The
small vertical line on StokesV indicates the position of the strong
blueshifted flow.Right: Stokes spectra at the position indicated by the
dotted line on the spectra on the left, where some unusualQ profiles
are observed. The location of this cut is also shown in Fig. 2.

The full inversion using two magnetic components (in ad-
dition to the non-magnetic component) has been performed si-
multaneously for separate wavelengths, using the Ni line and
the 6302.5/6301.5 Å lines and assuming that there is no depth
dependence (except for the temperature). These lines give sim-
ilar results. After correction for the projection effects (incli-
nation) we find flows that are supersonic over the distance
of 2–3 arcsec, the maximum flow being 7.7 km s−1. The po-
larity of both magnetic components is the same than the main
polarity. There is no difference in azimuth between the two
magnetic components (although the azimuths differ from the
previous computation by∼30◦). However the inclinations for
the two magnetic components are quite different and differ
by ∼36◦ from each other. The errorbars for the inclinations
and azimuths are of the order of 1–2 degrees. They have
similar filling factors (0.4) and similar magnetic fields. The

microturbulence velocity seems to be larger for the blueshifted
component, but this is more uncertain.

5. Summary and discussion

This paper presents new results from the first coordinated cam-
paign between THEMIS (providing multiline spectropolari-
metric data) and MDI (providing a high temporal cadence
over a long period). We have observed two peculiar flows
in AR 9236:

(i) A supersonic downflow (10 km s−1) mostly visible in
Stokes V, inclined by 51◦ from the vertical. The redshift is also
visible in StokesI , including the spectral line not sensitive to
the magnetic field. The azimuth and inclination of this com-
ponent differ from the non-shifted magnetic component and
show a complex topology. This flow was observed only in the
morning data of Nov. 26, 2000, in spectropolarimetric mode
of THEMIS, and, unfortunately, no other THEMIS measure-
ments are available. However, MDI observed this flow with re-
duced amplitude of 1.5–2 km s−1 (in region 2). Since this flow
is visible in MDI data for at least 8 hours, we suggest that
this flow is a long-lived downflow which is observed during
its decaying phase. We do not have any explanation concern-
ing the origin of this flow. It could originates in the previous
Hα flare, which ended 5 hours before, or it could be related
to the strong X-ray emission observed at that time (Fig. 1).
Unfortunately we have not been able to establish with certainty
that this strong X-ray flux is associated to this active region:
H-α images from Learmonth Observatory do not show any en-
hancement at that time in this region nor in the other large ac-
tive region present on the disk that day (AR 9240), while the
radio flux from Nancay Observatory shows enhancements in
both region. Therefore, the origin of this flow is still an open
question. We note that the decreasing magnetic fluxes, both
positive and negative, from 8:00 UT up to the beginning of
the Hα flare are surprising because one would expect an in-
crease in magnetic flux from a strong downflow (however, no
converging pattern is visible either).

(ii) A strong blueshifted flow adjacent to a strong redshifted
flow, next to the neutral line.For the same reasons than for the
flow above, MDI data (region 3) suggest that this is a rather
long-lived structures. Furthermore, THEMIS provided two ob-
servations of this flow, 9 hours apart, which also suggest that
this was long-lived, although the global configuration of the
LOS velocity field changed significantly over the day. If we
make the assumption that these flows follow magnetic field
lines, the magnetic topology of the region deduced from the in-
version of the Stokes parameters observed with THEMIS sug-
gests that these flows are close to horizontal and in the same
direction, which can be interpreted as a horizontal shear, with
one of the component (the blueshifted one) being supersonic
over 2–3 arcsec. A shear of such amplitude has not been ob-
served before in the photosphere. We cannot rule out a down-
flow (adjacent to an upflow) that would be almost horizontal
instead of a shear, since the field lines are not strictly hori-
zontal. The initial existence of this strong flow may be un-
related to the flare. However, the redshifted component in-
creased by 800 m s−1 after the flare on the long time scale.
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Therefore, this flow was influenced by the flare occurring in
the region, and might play important role in the MHD pro-
cess of restructuring of the magnetic configuration during the
flare. The kinetic energy density of the flows was comparable
with the magnetic energy density. Also, the changes of these
quantities during the flare are also of the same order of mag-
nitude. Preliminary Stokes profile inversions show that the su-
personic component has an azimuth similar to the non-shifted
component but a different LOS inclination, suggesting a com-
plex topology as well. THEMIS observations also show that
this flow presents some fine structures with scales in the range
of 1–3 arcsec.

Supersonic flows in the photosphere have been observed by
very few observers so far. Martinez Pillet et al. (1994) observed
supersonic downflows in aδ-type spot at the location of polar-
ity inversion, which they claim has nothing to do with a recon-
nection process because it is long-lived (more than 3 hours);
the polarity of the shifted component is the same than the po-
larity of the non shifted component or opposite depending on
the pixel. del Toro Iniesta et al. (2001) also observed a su-
personic downflow in the penumbra of a simple sunspot us-
ing high resolution observations and a full inversion method,
the downflow corresponding to a polarity opposite to that of
the unshifted components. Our features are also different from
mustaches which are very short-lived structures (5–10 min) as
well as from Ellerman bombs (1–2 arcsec features). Our ob-
servations were made in different conditions and the features
have different characteristics (very inclined flows one case, and
different polarity properties). The supersonic flows are proba-
bly long-lived (8 hours at least), and the second one is mod-
ified at (or around) the time of the flare. Strong downflows
and upflows have also been observed by Sigwarth (2001), with
StokesV profiles similar to ours with strongly shifted compo-
nents (implying supersonic velocities) of either the same polar-
ity or opposite polarities. His observations are associated with
flux emergence and are interpreted as redshifted preshock and
blueshifted postshock profiles.

It could seem surprising that flows of such amplitude have
been rarely observed before at the photospheric level, but spec-
tropolarimetric observations of solar flares using spectral lines
formed in the photosphere are not very common, which make
these new results very important. The origin of these strong
flows is not clear at this stage, and would request more obser-
vations in similar conditions with a better coordination with
chromospheric observations to see if they are affected by the
flare or if they are related to the triggering of the flare.

For another improvement to this analysis, it is the necessity
to make robust inversions of Stokes profiles. This is critical for
the interpretation. The results presented in this paper confirm
the existence of a 10 km s−1 LOS flow for example, and
show that the strong downflow probably exhibits a complex
fine structure over the field of 2× 5 arcsec2. However more
work needs to be done on these data to compare the Stokes
parameters at all wavelengths to be able to derive the varia-
tion of these strong flows with height in the photosphere: this is

a work in progress. Note that the line profile inversions with
a depth dependence did not improve the fit; therefore, it is diffi-
cult at this point to conclude if the differences for the different
wavelengths are due to strong vertical or horizontal gradients.
We would also like to point out that we observed very interest-
ing features in Stokes spectra provided by the Ni line as well
as with lines with a small Lande factor, and that the inversion
using the Fe lines and the Ni line gave similar results.
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