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ABSTRACT
In this work we follow a series of papers on high-resolution solar observations (Balmaceda et al. 2009, Balmaceda et al. 2010, Vargas Dominguez et al. 2011, 
Palacios et al. 2012, Vargas Domínguez et al 2015, Cabello et al., in preparation), utilizing several long multi-wavelength data series. These were acquired from 
both ground-based (SST) and space-borne (Hinode), thus obtaining high-cadence and high resolution data, including SOT-SP data, in a joint campaign of the 
Hinode Operation Program 14, in Sept 2007. Diffraction-limited SST data, taken in G-band and G-cont, were restored by MFBD, whilst Hinode obtained 
multispectral data from SOT-FG in CN, Mg II, Ca II and also SP in Fe I lines. In these series we have thoroughly studied vortex flows and their statistical 
occurrences, horizontal velocities by means of local correlation tracking (LCT), divergence and vorticity; but we also have studied bright point statistics and 
magnetic field intensification, clearly highlighting the importance of the smallest-scale magnetic element observations.

Evidence for small-scale magnetic concentrations dragged by vortex motion of solar 
photospheric plasma (A&A, 2010)

 L. Balmaceda, S. Vargas Domínguez, J. Palacios, I. Cabello and V. Domingo
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Figure 5. Histograms for data within the mask of vortices showing mean values of: a) vertical velocity, b) horizontal speed, c) positive vorticity, d) negative
vorticity, e) radius of vortices and f) circulation, computed for the vortices in series s1 (in red), s2 (in blue) and combined values for both time series (in black).
Corresponding most probable values for s1, s2 and for the combined case (s1+s2) are shown in the panels.
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Figure 6. Scatter plots of properties characterizing the detected vortices. Diamonds represent the values for s1 (red) and s2 (blue) . Black lines are the result
of linear fits applied over the data with their corresponding regression coefficients and errors shown.

which covers an area of about 5 granules and hence corresponds to
a much larger mesogranular scale.

Strong interacting vortices may play a role in excitation of
solar acoustic oscillations, as shown by Kitiashvili et al. (2010). In
particular these authors propose that high-speed vortices can attract
and capture other vortices of opposite sense of rotation and their
interaction might lead to their partial annihilation. In our sample of
vortices we find several examples with these characteristics, though

a deep analysis of the interaction of opposite-sign vorticities is out
of the scope of the present work.

More observational evidence from spectropolarimeric data
would be required to complete the analysis and determine up
to what extent the magnetic concentrations in the nearest vicin-
ity of the detected swirl events are affected by the appearance
of the vortex. An example of magnetic features appearing as be-
ing dragged by this type of convective motions was presented by
Balmaceda et al. (2010) in one of the vortices within the FOV. This
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Figure 4. Panels a) and c): Distribution of horizontal speeds. Panels b) and d): Histograms of the values of divergence (dashed lines) and vorticity (solid
lines). Upper panels plot values in all the FOV whereas lower ones account for values within areas displaying vortices. All plots are computed using values
for series s1 (in red), s2 (in blue) and combined values for both time series (in black). Corresponding most probable values for the combined case are shown
in the panels.

We search for the location of small-scale swirls by tracking
plasma motions in the same region where Bonet et al. (2008) de-
tected small whirpools by following the trajectories of BPs being
swallowed by them. From 20-min average flow maps we identify
events displaying a converging pattern of horizontal velocity vec-
tors towards a central point that correspond to the strong sinks as
initially predicted by the numerical simulations. These events are
in all cases detected in the vertices of multiple granules along very
intense intergranular dark lanes. This is clearly seen on the average
image for the duration of the time series where the low intensity
junctions are enhanced (in Fig. 3). Data from two time series and
common examination allow the comparison of results. A total of 70
in s1 and 77 in s2 vortices have been detected, resulting in a density
of 2.8 × 10−2 vortices Mm−2 and 3.1 × 10−2 vortices Mm−2 for s1
and s2 respectively.

Averaging over the 20-min window we obtained space-time-
density values of 1.4 × 10−3 vortices Mm−2 min−1 and 1.6 ×
10−3 vortices Mm−2 min−1 for s1 and s2 respectively. Values are
comparable to the number obtained by Bonet et al. (2008) of 1.8 ×
10−3 vortices Mm−2 min−1 and lower than the space-time-density
of 3.1 × 10−3 vortices Mm−2 min−1 found by Bonet et al. (2010).
It is necessary to bear in mind that the results from our flow fields
are smoothed by the 20-min averages and the size of the employed
tracking window. Many short-living vortical motions are likely di-
luted by the LCT temporal average.

BPs are distributed all over the FOV in this region as found
by Sánchez Almeida et al. (2010) from which some describe spiral
trajectories whilst being engulfed by downdrafts that Bonet et al.

(2008) described as convectively driven vortex flows. We have
compared the location of our detected vortices with the events dis-
covered by Bonet et al. (2008) in the same solar region. As a result,
we have found 68% of coincidences but the remaining 32% corre-
sponds to cases in the near vicinity of our vortices (i.e. less than 2′′
from the edge of the circular area enclosing the events in Fig. 2 and
Fig. 3.

We find for the series s1 and s2 counterclockwise/clockwise
sense of rotation frequency value ratios of 53/47 and 52/48 %, re-
spectively, which in view of the number of studied events shows
no significant difference with equally probable sense of rotation,
in agreement with Bonet et al. (2008), though Bonet et al. (2010)
find a significant preference in favor of counterclockwise sense of
rotation. The latter explain the different results assuming that the
vortex rotation is influenced by the latitudinal solar differential ro-
tation, as the observations in Bonet et al. (2010) were done at mid
solar latitude, while the observations in Bonet et al. (2008) and, of
course, in this paper were done at the equator, where the influence
of differential rotation is negligible.

In terms of dimensions our detected vortices coincide with the
values in Bonet et al. (2010) of less than 500 km of radius. The
majority of our detected vortices exhibit a radius of 241 ± 25 km.
Some vortices, however, have a radius over 400 km that might not
correspond to the main vortical scale detected but to signatures of
larger scales of vortical motions. For the circulation we also found
a pronounced peak value, at 1585 km2 s−1. This value is nearly half
the 4000 km2 s−1 for the vortex presented by Brandt et al. (1988)
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Figure 2. Maps of vertical velocities derived from the horizontal velocity field using LCT analysis for the SST/G-band time series s1 (upper panel) and s2
(lower panel). The same time coverage of 20 min is used in both time series. The black box represents the FOV analyzed by Balmaceda et al. (2010) including
a pair of strong swirl events. Encircled in black are regions in which the horizontal velocities are converging towards a central point as inferred from the flow
maps. The size of circles indicates the area coverage of the corresponding swirl event. Red circles denote peculiar regions with vertical velocities that do not
conform vortical flows. Dashed circumferences in the lower panel show the location of the events in the upper panel for comparison.

Spatial distribution and statistical properties of small-scale convective vortex-like motions
 in a quiet Sun region (MNRAS, 2011)

S. Vargas Domínguez, J. Palacios, L. Balmaceda, I. Cabello and V. Domingo

Evolution of Small-Scale Magnetic Elements in the Vicinity of Granular-Sized Swirl Convective Motions 
(Sol. Phys., 2015)

S. Vargas Domínguez · J. Palacios · L. Balmaceda · I. Cabello · V. Domingo
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Table 1 Characteristics of the time series acquired from ground-based and spacecraft facilities.

Telescope Obs. Series
#

Time
[UT]

Duration
[minutes]

Number of
images

Cadence
[sec]

FOV
[′′]

SST G-band 1 08:47 – 09:07 19 76 15 68.5×68.5

2 09:14 – 09:46 32 128 15 68.5×68.5

Hinode CN 1 08:40 – 09:20 40 70 35 19.2×74.1

Ca II H 1 08:40 – 09:20 40 71 35 19.2×74.1

Mg I 1 08:40 – 09:20 40 143 20 15.4×65.3

SP 1 08:20 – 09:44 84 2558 scans 2 2.7×40.6

involving different institutions and researchers from Europe and Japan. This was a long cam-
paign (24 days) with coordinated observations using not only the SST, but also three other
solar telescopes: the Dutch Open Telescope (DOT), the Vacuum Tower Telescope (VTT),
and the Télescope Héliographique pour l’Etude du Magnétisme et des Instabilités Solaires
(THEMIS) at the Canary Islands Observatories in La Palma and Tenerife. The observations
represented the first joint campaign that used all these ground-based solar facilities and the
spacecraft mission Hinode (Kosugi et al., 2007) in the framework of the Hinode Operation
Program 14.

2.1. Ground-Based SST Data

The data from the SST that we analyzed were acquired during a particular observing run on
29 September 2007. The main target of interest was a quiet region close to the solar disk
center (µ = 0.99). Images in G-band (λ430.56 nm) were recorded at a rapid cadence so that
the multiframe blind-deconvolution (MFBD: Löfdahl, 1996, 2002) restoration technique
could be applied to correct the data for atmospheric turbulence and instrumental aberrations,
which degrade the quality of the images. CCD cameras with a size of 2048′′ × 2048′′ were
employed and the effective field of view (hereafter FOV) corresponded to 68.5′′ × 68.5′′

with a sampling of 0.034′′ pix−1. Only the best-quality images were preserved for further
operations. Processing of the images included first the standard flat-fielding and dark-current
subtraction, as well as the removal of hot and dark pixels and spurious borders in the flat-
fielded images. After performing these steps, the images of the sequence were grouped in
sets of about 125 frames acquired within time intervals of 15 seconds each. Every set yielded
one restored image that almost reached the diffraction limit of the telescope (≈ 0.1′′). Time
series of restored images were finally corrected for diurnal field rotation, rigidly aligned,
corrected for distortion, and subsonic filtered to eliminate p-modes and residual jittering
(Title et al., 1986). The final product was two time series (s1 and s2) of images (with a time
gap of about seven minutes between them), as listed in Table 1 (SST).

2.2. Hinode Data

The data from Hinode on 29 September 2007 correspond to the coordinated observations
previously described. The Solar Optical Telescope (SOT: Tsuneta et al., 2008) onboard the
Hinode spacecraft acquired filtergrams in the CN headband (λ388.35 nm) and the core of
Ca II H (λ396.85 nm), with a cadence of ≈ 35 seconds and a pixel size of 0.054′′, using
the Broadband Filter Imager (BFI). A subsonic-filtering procedure was finally applied to
exclude high-frequency oscillations. The observed FOV corresponds to 19.18′′ × 74.09′′,
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Figure 9 Detected cases of plausible convective-collapse events in Hinode data on 29 September 2007. For
every case the temporal sequence of LOS Doppler velocities (upper row) and magnetic signal (lower row) are
simultaneously shown in false-color maps. Encircled in white are regions displaying redshifts accompanied
by an intensification in the magnetic field. Stokes-V profiles are correspondingly plotted for these regions
(from the subpanel holding the white circumference to the following four panels), along with magenta and
blue lines indicating the nominal wavelengths.
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Figure 10 Evolution of peak magnetic-field strength [|B|, red squares] and maximum redshifted LOS ve-
locity (black diamonds) for case 1 (from ≈ 09:21 to 09:27 UT) and case 2 (from 09:33 to 09:38 UT) in the
regions encircled in white in Figure 9. Note that the bright point that corresponds to case 1 is already visible
at the leftmost part of the plot. Two important downflows at 09:21 and 09:33 UT and a peak in the magnetic
field at 09:30 UT are displayed (see text for details).

6. Discussion

We presented a continuation of the work in BEA10, who reported the observation of mag-
netic concentrations dragged into a convective vortex motion in the photosphere. We fur-
thermore studied the ROI (10′′ × 10′′) and analyzed the two examples of convective vortical
motions referred to as V1 and V2 (each one affecting a circular area of radius ≈3.0′′ from
the vortex center), with V2 lasting for more than an hour. The stability and lifetime of vor-
tical motions are strongly linked to the evolution of the granular pattern, and they seem to
gather larger velocity magnitudes in their more developed stage. BEA10 reported small-
scale magnetic concentrations of negative polarity affected by one of these convective swirl
motions of plasma and identified two main magnetic concentrations of which one does not
seem to be affected and remains rather stationary, while the other magnetic concentration
is dragged and approaches the center of vortex V1. In our analysis of the same region we
determined the motion of the magnetic centroid for each of these magnetic concentrations
and showed that one of them is affected as long as the vortex is present. The configuration
of the intergranular lanes with an azimuthally quasi-symmetric distribution as seen in the
average image and the evolution of the magnetic centroids are proposed to be linked to a
convective vortical motion. The vortical motion has different developing stages, as shown
by the computed horizontal flow maps, which record a more stable period that lasts for
about ten minutes. The onset of V1 is characterized by rather low mean velocity magnitudes
(600 m s−1), and the value increases up to 1 km s−1 while reaching the period of stability
mentioned above. The fate of V1 seems to be determined by strong flows coming from the
lower left part of the FOV that sweep away the coherence of the vortical motions and in-
crease the mean velocity value to about 1.5 km s−1. We estimated the lifetime of V1 to be
≈ 15 minutes. The configuration of the region in terms of horizontal flows, after V1 has
disappeared, resembles that for a mesogranular flow pattern (see for instance the lower pan-
els in Figure 5). Bonet et al. (2008) found that BPs describe spiral trajectories toward the
center of convectively driven vortex flows, although these authors did not claim to observe
fragmentation or coalescence processes associated with the activity of the visually tracked
BPs. In our analysis we found intense activity of BPs, including fragmentation and inten-
sification due to coalescence at the time when the magnetic concentrations rotate and seem

Observations of magnetic elements in the quiet Sun internetwork (ASPC, 2009)
L. A. Balmaceda, J. Palacios, I. Cabello, V. Domingo

Observations of Vortex Motion in the Solar Photosphere Using Hinode-SP Data (ASPC, 2012)
Judith Palacios, Laura A. Balmaceda, Santiago Vargas Domínguez, Iballa Cabello, and Vicente Domingo

Methods
MFBD: image restoration process, mainly applied to ground-based images. Method from Löfdahl 1996 and 
2002.

LCT: (Local Correlation Tracking, November & Simon 1988; Molowny-Horas & Yi 1994) is a key technique 
to infer horizontal velocities, flow shapes and for further calculation of divergence and vorticity.  It also 
provides estimation of vertical velocities.

BP detection: to distinguish BPs from granular fragments, with segmentation and recognition.  We have 
used two methods: MLT4 (Bovelet & Wiehr, 2007); and Sánchez Almeida (2004).

Centroids: method to calculate the center of gravity of various structures; in this case, in MgI 
magnetograms. 

Inversion and weak-field approximation:  the inversion code LILIA (Socas Navarro, 2001) and 
weak-field approximation (as in d’egli Innocenti, 1992) for inferring magnetic flux densities.

Main results

-Magnetic elements, CN, G-band BPs properties:
  Magnetic elements have a typical area of 0.1 sq-arcsec, and lifetime of 5-10 min. CN BP typical size is 0”27, 
and median intensity is 1.05; while G-band BP typical diameter is 0”14 and median intensity of 1.1. 
Surface coverage for CN is 0.22%, while 0.26% for G-band. 
-Average divergence and vorticity values.  Vortex occurrence is about 1.5·10-3 /Mm2· min; density 
values of 3·10-2 /Mm2. Horizontal velocities are about 0.5 km/s; however, this mean value increases when 
vortices increase the circulation.  Vortex mean radius is 250 km.  Vortex downflow speed is about 0.5 km/s.
-Magnetic field intensification: We have observed some cases of plausible magnetic field 
intensification followed by supersonic downflow up to 7 km/s. 

1) Balmaceda, L. A.; Palacios, J.; Cabello, I.; Domingo, V. :Observations of Magnetic Elements in the Quiet Sun Internetwork, 2009, ASPC, 415, 156.
2) Balmaceda, L.; Vargas Domínguez, S.; Palacios, J.; Cabello, I.; Domingo, V. Evidence of small-scale magnetic concentrations dragged by vortex motion of solar photospheric plasma, 2010, A&A, 513, L6.
3) Vargas Domínguez, S.; Palacios, J.; Balmaceda, L.; Cabello, I.; Domingo, V. Spatial distribution and statistical properties of small-scale convective vortex-like motions in a quiet-Sun region, 2011, MNRAS, 416, 148.
4) Palacios, J.; Balmaceda, L. A.; Domínguez, S. V.; Cabello, I.; Domingo, V. Observations of Vortex Motion in the Solar Photosphere Using Hinode-SP Data, 2012, ASPC, 454, 51.
5) Domingo, V.; Palacios, J.; Balmaceda, L. A.; Domínguez, S. V.; Cabello, I. Structure of Small Magnetic Elements in the Solar Atmosphere. 2012, ASPC, 454, 54.
6) Vargas Domínguez, S.; Palacios, J.; Balmaceda, L.; Cabello, I.; Domingo, V. Evolution of Small-Scale Magnetic Elements in the Vicinity of Granular-Sized Swirl Convective Motions, 2015, Sol. Phys., 290, 301.

Magnetic, MgI

G-band

CN

Horizontal velocities and divergence and vorticity for G-band  
series s1 (red), s2 (blue), both (black).

    .

Distributions of LOS speed, horizontal speed, positive and negative vorticity, 
radius and circulation for series s1 (red), s2 (blue), both (black).

Magnetic element rotation, revealing a vortex flow, rotating about 150º in < 1h
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Fig. 2. From top to bottom: magnetic field strength and LOS velocity single maps obtained by inverting SP data. The FOV covered is shown in
the left lower panel. Positive/negative VLOS values correspond to upward/downward velocity directions. Encircled region in VLOS map at 08:44 UT
displays a strong downflow appearing just before the formation of the vortex. Note that the displayed evolution of the region is longer in time here
than in Fig. 1 and the FOV smaller as framed by the black box at 09:04 UT in the same figure.
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Fig. 3. Map of horizontal velocities (FWHM 1.′′0). The length of the
black arrow at coordinates [0, 0] corresponds to 1.5 km s−1. The
background image represents the normalized divergence field. The
solid/dotted boxes extract the FOV covered by the sequences of images
in Fig. 1/Fig. 2, respectively, as labeled.

For the inversion, only pixels with Stokes Q, U, or V amplitudes
larger than 3 times their noise levels are taken into considera-
tion to exclude profiles that cannot be inverted reliably. As ob-
served in MgI magnetograms, the two magnetic lobes can be
clearly distinguished in the |B| maps displayed in the first row.
SOT-SP data start earlier than the filtergrams and magnetograms
described in the previous section. The first 5 frames display the
evolution of the magnetic structure prior to 08:40, where we can
see that it is already rotating. The maximum value of the mag-
netic field strength was close to 600 G at 08:42, though not in-
cluded in the displayed images. The rms of the errors in |B| is
194 G. We defined the errors to be the differences between the
inferred from the model and the real parameters at optical depth
log τ = -1. To check the reliability of the inversion, we also com-
pared these values with those obtained by assuming a weak-field
approximation (Landi degl’Innocenti 1992) and achieved sim-
ilar results. The longitudinal magnetic flux decreases by about
30% during the whole time interval. The area of the structure
seems to shrink with time. In particular, for 09:00–09:20 the

magnetic patches evolve from being bound together, when the
two structures lose their identity and become elongated. The Y-
shape structure that is evident in the MgI magnetogram (at about
09:12 UT) is not visible here. One possible explanation is that
Fe and MgI lines provide information about different heights in
the solar atmosphere. The missing component of “Y” exhibits in
MgI magnetograms a very weak and variable signal that is co-
spatial with bright regions in CaII images. However, the compo-
nent is absent in photospheric filtergrams and SP maps. SP maps
are available until 09:44 (though not shown in the figure) and
show that the structure continues rotating after 09:20 when the
SOT-NFI and BFI time series end, L1 and L2 approaching each
other towards the end of the observing interval. The inclination
(not shown here) remains stable during the whole observing pe-
riod. Magnetic flux tubes are vertically oriented with inclination
values close to 180 degrees. However, changes in the inclina-
tion can be seen at 08:44, when some BPs appear in-between the
magnetic lobes. In spite of the high noise level in Stokes Q and
U, the good agreement between the magnetic structure observed
in the LOS magnetogram and that of SP maps is indicative of
nearly vertical magnetic fields. In the VLOS maps (second row
of Fig. 2), the granules are clearly distinguished as upflows with
velocities from 1 to 2 km s−1. The intergranular lanes are the ar-
eas showing downflows with velocities from -1.3 to -2 km s−1.
A strong downflow region appears at 08:44 UT (encircled area
in Fig. 2) that denotes the location where the photospheric vor-
tex forms (Sect. 3.3). It remains there for several minutes (until
08:56) and at 09:20 another downflow region is observed at the
location of L2 at the end of the sequence, though much less in-
tense. The magnetic patches are located in the lanes, with a cou-
ple of exceptions where the magnetic areas do excursions into
granules (at 09:00 and 09:07 UT). During the whole sequence,
numerous small-scale processes take place leading to the forma-
tion of BPs (Paper I).

3.3. Photospheric plasma flows

The G-band series from SST were used to analyze the hori-
zontal proper motions of structures in the FOV. Proper motions
were measured by using the local correlation tracking technique
(LCT, November & Simon 1988) implemented by Molowny-
Horas & Yi (1994). Maps of horizontal velocities are calcu-
lated for the time series by using a Gaussian tracking window
of FWHM 1.′′0, i.e., roughly half of the typical granular size.
Figure 3 shows the flow map computed from the first of the SST
time series (s1). This map of horizontal velocities is calculated
by averaging over the total duration of the series (∼ 20 min).
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Figure 1. Example of one of the detected events displaying horizontal flows
converging into a central point. Arrows represent the horizontal velocity
vectors inferred from LCT. The displayed swirl motion exhibits a counter-
clockwise sense of rotation. The background image represents the 20-min
average image in false color with a FOV of 3′′× 3′′.

tributed over the FOV. We highlight the importance of understand-
ing the effects of photospheric vortical motions on the configura-
tion of magnetic fields in their way up to higher solar atmospheric
layers, that are yet to be found.

2 OBSERVATIONS AND DATA PREPARATION

The data were acquired during a particular observing run on 29
September 2007 with the Swedish 1-m Solar Telescope (SST,
Scharmer et al. 2003) in La Palma, Canary Islands, as part of a long
international campaign with joint observations making use of other
solar facilities at the Canary Islands Observatories. The region of
interest corresponds to a quiet Sun area close to the solar disc cen-
tre (µ=0.99). Images in G-band (λ430.56 nm) were recorded at a
fast cadence and the Multi-Frame Blind-Deconvolution (MFBD,
Löfdahl 2002) restoration technique was applied to correct the im-
ages from the aberrations induced by the turbulent atmospheric
medium that affect their quality. The restored images with an ef-
fective FOV of 69 × 69 square arcsec and spatial sampling of
0.′′034/pix were corrected with the standard procedures of flat-
fielding, dark current substraction, elimination of spurious pixels
and borders, and were grouped in two continuous time series of
images, s1: 08:47 to 09:07 UT, and s2: 09:14 to 09:46 UT, with
15s cadence. The ∼7-min gap between s1 and s2 corresponds to
poor quality images that had to be discarded due to bad observing
conditions. The final steps included the compensation for diurnal
field rotation, destretching and subsonic filtering to eliminate resid-
ual jittering. More details on the data preparation can be found in
Balmaceda et al. (2010).

3 SINKS AND CONVERGING FLOWS

Our analysis is based on the widely used local correlation track-
ing techniques (LCT, November & Simon 1988), implemented by
Molowny-Horas & Yi (1994). We compute the horizontal proper
motions of structures using a Gaussian tracking window with a
Full-Width at Half-Maximum (FWHM) of 1.′′0, to generate maps
of horizontal velocity (flow maps). The same procedure was used
by Balmaceda et al. (2010) on the same data for the analysis of

a fraction of the whole FOV (10′′ × 10′′) displaying a region of
strong negative divergence. These authors found converging hori-
zontal flows, i.e the velocity arrows pointing to a common destina-
tion being the location of the sink.

In this work we present the results obtained from the LCT
analysis for series s1 and s2 over the complete FOV for 20-min
intervals. From the horizontal velocity maps we compute the di-
vergence field defined as: ∇"v = ∂"vx

∂x +
∂"vy
∂y , where vx and vy are the

corresponding x and y components of the horizontal velocity vec-
tor.

Vertical velocities are inferred after multiplying the horizon-
tal flow divergence by the so-called scale height of the flux mass
(hm = 150 km), following November (1989). Note that the term
divergence refers to the divergence of the horizontal velocities. For
a detailed derivation, physical explanation and validity of this re-
lation, we refer the reader to Márquez, Sánchez Almeida & Bonet
(2006). Resulting vertical velocities are manifestly conditioned by
the LCT average and therefore can not be directly compared to
Doppler velocities. An upcoming work attempts to establish mar-
gins for the comparison of the two. In our data the velocity values
as corresponding to a 20-min average range between 1.8 (upflows)
and -1.2 km s−1 (downflows). The overall distribution of horizontal
velocities of one of these events is shown in Fig. 1. There is a clear
trend in the direction of the velocity vectors, pointing towards the
centre of the image (draining point) and forming a swirl motion
with a counterclockwise sense of rotation. The background image
is the G-band intensity average over the 20-min interval. The centre
coincides with a dark structure formed by the junction of various
intergranular lanes.

Figure 2 displays the vertical velocity maps for s1 (upper
panel) and s2 (lower panel) respectively, using a common time
coverage of 20 min for both time series (i.e. the total duration of
s1 and the first 20 min of s2) in order for the results to be compa-
rable. Regions showing intense upflows denoted in different shades
of red color correspond to intensive and recurrent activity from ex-
ploding granules with velocities of ∼1 km s−1, whereas strong sinks
with negative, i.e. entering the plane of the figure, vertical veloci-
ties of magnitude ∼0.9 km s−1 are observed as dark features. The
intergranular lanes are generally traced by the elongated structures
in blue with downflows (-0.2 km s−1). The black box in the upper
panel represents the FOV studied by Balmaceda et al. (2010). En-
circled in black are the locations of the detected vortical motions
(also referred to as events) from the horizontal flow pattern. The
selection was performed by visual inspection, considering a vortex
where velocity vectors in the flow map was converging and chang-
ing direction defining a swirl. The area coverage of the swirl events
are assumed to be circular and drawn as circles in the maps follow-
ing the mentioned visual criteria. In all detected cases the events are
located in regions with strong downflows (vz ∼ -0.8 km s−1). Note
that vz represents the averaged vLOS over the time elapsed. The pres-
ence of all the events in at least two of the consecutive flow maps
over 5-min intervals suggest that they remain coherent in a range
between 10 and 20 min. The positions of the events change from
the first to the second time series after the 7-min gap in the observ-
ing run (dotted circles in the lower panel in Fig. 2 show the location
of the events in the upper panel in the same figure for comparison.)
These events do not seem to be homogeneously distributed over the
FOV but rather grouped in certain locations resembling the meso-
granular and supergranular patterns.

Figure 3 shows the final destination of passive tracers
or floats (white dots in the figure) driven by the computed
mean field of horizontal velocities, as commonly used to trace

2 Balmaceda et al.: Small-scale magnetic concentrations dragged by vortex plasma motion
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Fig. 1. Quasi-simultaneous observations showing the evolution of a quiet sun region on 29 September 2007. From top to bottom: Mg I magne-
togram, G-band, CN, Ca II H. Every panel displays the average image over 4-min intervals and the time stamps correspond to the initial time
for each interval, respectively. BPs are detected in all filtergrams and are co-spatial with the magnetic concentrations observed in magnetograms.
Spatial scales in both axis are in arcsec and correspond to solar coordinates (FOV ∼6′′×5′′). The black box at 09:04 UT shows the FOV covered by
the SP in Fig. 2. Encircled in white in G-band frames at 08:48, 08:52, and 08:56 UT is the location of the detected vortex (Sect. 3.3) for reference.

the core of Ca II H line (λ396.8 ± 0.3 nm) using the Broadband
Filter Imager (BFI) with a cadence of ∼35 s. The observed FOV
covered 19.′′18 × 74.′′09. Although Hinode’s FOV is smaller
than that of SST, they still overlap. Magnetograms in the Mg
I line (λ517.3 nm) were also obtained at a cadence of ∼20 s
with the Narrowband Filter Imager (NFI). Data from the spec-
tropolarimeter (SP, Ichimoto et al. 2008) were also acquired.
This dataset consisted of Stokes parameters I, Q, U, and V mea-
sured along a slit of 256 pixels in raster scan mode of 18 scans
from 08:20–09:44, with a sampling of 0.15′′/px and FOV of
2.′′66 × 40.′′57. The operation mode was set to dynamic mode,
i.e., the exposure time per slit position was 1.6 s to study the evo-
lution of highly dynamic events. The noise level was 1.6×10−3Ic
in Stokes I and 1.8× 10−3Ic Stokes Q and U. The observed lines
were the two FeI lines, λ630.15 nm and λ630.25 nm. The SOT
images were corrected for dark current, flat-field, and cosmic
rays with standard procedures. A subsonic filter was applied to
remove high frequency oscillations in filtergrams. SP data were
inverted using the full atmosphere inversion code LILIA (Socas
Navarro 2001), based on the SIR code (Ruiz Cobo & Del Toro
Iniesta 1992).

3. Data analysis and results

3.1. Multiwavelength description of the event

Quasi-simultaneous data taken by Hinode and SST were used.
The maximum time-lag was ∼2 s and ∼12 s between CN and Ca
images and between filtergrams andMgI magnetograms, respec-
tively. Images were rotated, co-aligned, and trimmed to maintain
the same FOV at all wavelengths. Figure 1 shows from bottom
to top, time-averaged Ca II H, CN, and G-band filtergrams and
Mg I magnetograms from 08:40 to 09:20 UT. Each frame cor-
responds to an average over 4 min, obtained from ∼7 images
in the case of filtergrams and ∼12 MgI magnetograms. The av-
eraging of the consecutive images allows us to easily identify
the structures present in successive images. We superimpose on
the corresponding filtergrams magnetogram contours, which are
useful for visualizing the co-spatiality of the features observed
at different wavelengths. The grayscale bars indicate the inten-
sities normalized to the mean intensity of the entire data set for
the respective wavelengths. The LOSmagnetograms shown here
consist of masks obtained after applying a threshold of 3σ to re-

move the noise following Krivova & Solanki (2004). The good
agreement between the magnetic features detected in these im-
ages and the bright elements present in the filtergrams gives us
confidence to justify its use. On first inspection, the magnetic
feature appears to undergo an apparent rotation over the 40 min-
utes elapsed.We can identify a magnetic structure with two main
lobes (denoted by L1 and L2 in the first frame, top row of Fig. 1)
one of which rotates around the other as indicated by the plus
black and white plus-signs marking the 4-min averaged location
of the centroid for L1 and L2, respectively1. This movement is
also detected at the various wavelengths, i.e., different heights
in the solar atmosphere. Both G-band and CN data provide in-
formation about the photospheric level, while Ca II H images
and Mg I magnetograms retrieve information from the low chro-
mosphere. During the interval between 09:00 and 09:08, the L2
lobe seems to dissolve. The magnetic flux density in this region
appears to decrease, but increases again when the whole struc-
ture has rotated and L2 approaches the lower part of the FOV. An
increase in intensity is observed in Ca images and is accompa-
nied by the appearance of BPs in G-band, while in CN the signal
is more diffuse. As a consequence of the rotation, small-scale
processes of fragmentation and coalescence of BPs clearly dis-
cernible in G-band filtergrams take place along the intergranular
lane. The BPs are also detectable in CN images, although their
appearance is not so well defined as in the SST data, especially
towards the end of the sequence. The good agreement between
the small elements detected in Ca II H and the other wavelengths
is also remarkable. A forthcoming work (Vargas Domı́nguez et
al., 2010; hereafter Paper I) will focus on the evolution of BPs in
the sequence.

3.2. Characterization of the magnetic configuration of the
region

Figure 2 displays the evolution of the magnetic structure in the
sequence of single maps of magnetic field strength |B| retrieved
by LILIA (first row) and LOS-velocity, VLOS , obtained by esti-
mating the Doppler shift in the line-center-wavelength using the
center-of-gravity method to the Stokes I profiles (second row).

1 To identify the lobes, we use the line orthogonal to the linear fit of
the pixels belonging to the structure and that passes through the center-
of-mass of the whole data cube.

LCT horizontal velocities of a vortex (3”x3”)
    .

Vortex locations in G-band series s1, with a
 vertical velocity map in the background.    
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Figure 1. Properties of magnetic elements. Left: Distribution of magnetic
flux density measured for each feature. Values in Gauss are obtained following
Chae et al. (2007). Middle: Size distribution. Right: Lifetime (minutes) for
the magnetic elements lasting more than 3 minutes.

structed by using the Multi-Object Multi-Frame Blind Deconvolution (MOMFBD,
van Noort et al. 2005) to remove the atmospheric influence on the images. After
this restoration, images were also corrected by Earth rotation and translation
effects, destretching and elimination of p-modes and jittering. The space-borne
observations, on the other hand, were corrected for cosmic rays effects along
with solar p-modes removal (Title et al. 1986) among other things. Individual
successive images were aligned to each other in order to identify features in suc-
cessive frames. Co-alignment between images at different wavelengths was also
performed.

3. Analysis

3.1. Magnetic Elements

A major problem in the study of small-scale solar features is the level of noise
present in the data from magnetograms. The 1-sigma noise level for the magne-
tograms used in this work is typically about 30 G. This value reduces to about
20 G, when 1-min averages over consecutive magnetogram are taken. Moreover,
we take into account only those pixels with magnetic signal above 3-sigma.

Small magnetic elements were identified in consecutive magnetograms. The
magnetic flux density for each of those regions was estimated. Their values in
Gauss were obtained by using the factor derived by Chae et al. (2007) by com-
paring simultaneous data from SOT-SP (Spectro-polarimeter) and SOT-NFI
(Narrowband Filter Imager) for the FeI line. It is worth noting that we use
these values only for reference. The original magnetic signal |V/I| is shown in
the upper x-axis. We are aware of the different sensitivities of both spectral lines,
MgI and FeI, to magnetic field as well as the fact that they provide information
of magnetic field from the chromosphere and photosphere respectively. However,
since the sizes of the structures studied here are so small and also the filter width
is such that it provides mixed information from the photosphere and the lower
chromosphere, we consider the values in Gauss thus obtained as a good approxi-
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Figure 2. Distribution of properties of BPs detected in CN bandhead. Up-
per panel, left: Lifetime (minutes) of each feature. Right: Distribution of
scaled intensities measured for the BPs detected during the observing period.
Bottom panel, left: Area distribution. Right: Diameter distribution.

Figure 3. Properties of BPs observed in G-band. Left: Distribution of
scaled intensities of BPs. Center: Area distribution. Right: Diameter distri-
bution.

mation for the magnetic flux density. We would like to point out that in order to
get the correct values, a similar comparison between spectro-polarimetric data
and NFI magnetograms, both in the MgI line, should be carried out. The distri-
bution of magnetic fluxes, areas in square arcseconds and the lifetime are shown
in Fig. 1.

3.2. BPs Detected in CN- and G-band

Bright points were identified in 40 CN images (one image per minute) using
the MLT4 algorithm developed by Bovelet and Wiehr (2007). The technique
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mation for the magnetic flux density. We would like to point out that in order to
get the correct values, a similar comparison between spectro-polarimetric data
and NFI magnetograms, both in the MgI line, should be carried out. The distri-
bution of magnetic fluxes, areas in square arcseconds and the lifetime are shown
in Fig. 1.

3.2. BPs Detected in CN- and G-band

Bright points were identified in 40 CN images (one image per minute) using
the MLT4 algorithm developed by Bovelet and Wiehr (2007). The technique

52 Palacious et al.

wavelengths. The description of the full set of observations can be found at Balmaceda
et al.(2009). In this work, we focus in the data taken with Hinode Spectro Polarimeter
(Ichimoto et al. 2008). This data set consist of the full Stokes vector on the lines FeI
630.15 and 630.25 nm, recorded from 08:20 to 09:45 UT in dynamic mode. The full
FOV was 2.66” × 40.57” and scanned with a cadence of 35 s. The exposure time was
1.6 seconds leading to a noise level of 1.4· 10−3Ic (Ic is the mean continuum intensity)
and with spatial resolution of the SP measurements of 0”15. The standard reduction
procedure was applied to the SP data: correction for dark-current, flat-field and instru-
mental cross-talk.

3. Analysis

Figure 1 shows the SP data sequence. From 08:20 UT to 09:20, images every 4 minutes
are presented. The top row displays the LOS magnetograms obtained by computing the
max (V/I). In the middle sequence the integral of the absolute value of Stokes V is
shown, and in the bottom one the line-of-sight (LOS) velocity. The magnetic structure,
as seen in the magnetograms and the unsigned Stokes V maps, integrated from -29pm
to +29pm, shows the same configuration than in the first row, and can be generally
described as having two magnetic lobes. At 08:48, some bright points (as seen in the
continuum and G-band, though not shown here) start developing between the two lobes,
and some of them can be seen moving nearby the southern lobe (North at the top of the
figure). The apparent rotation of these magnetic structure, about 150◦ in one hour, is
observed in this sequence. These magnetic patches follow a path whose common cen-
ter is a draining point. At 09:04, more GBPs develop in the lower right corner and the
rotation becomes more evident.
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Figure 1. From top to bottom rows: sequences of unsigned LOS magnetograms,
integrated Stokes V profile and LOS velocity, respectively.

The velocity maps were calculated by the center-of-gravity method (Uitenbroek
2003). These maps, which follow the granulation behaviour, show in black the red-
shifted parts, (i.e., downflows), and in white the blueshifts, that is, essentially, the gran-
ulation structure. The magnetic patches stay most of the time into intergranular lanes.
A strong downflow region at 08:44 UT is visible there. The V profiles in this region are
asymmetric double-lobed, confirming the presence of gradients of velocity or magnetic
field (del Toro Iniesta 2003; Morinaga et al. 2007).

Vortex Motion in the Solar Photosphere 53

Figure 2 shows a sample of the masks that can be used for removing noise in spec-
tropolarimetric scans. Due to the short exposure time, the noise level increases consid-
erably. In order to remove the noise present in the data, we apply different thresholds to
create masks. Depending on the purpose, a very restrictive selection can mask out the
noisy pixels but also remove some small-scale structures. In Fig. 1 the original image
without removing any noise is shown at the right. The left and central panel show 5σ
and 3σmasks respectively. In the 5σ image, is evident that the main magnetic structure
remains unaltered as well as some conspicuous bright points (see for instance the BP
chain to the left of the northern lobe, or the ones located in the south of the southern
lobe). However, in the 3σ image, we can trace better the aforementioned estructures.

Figure 2. From left to right: Spectropolarimetric scan sample image with a 5σ-
mask, 3σ-mask, and without masking respectively.

Figure 3. Left panel: Stokes I profiles. Right panel: abnormal V Stokes profiles.

Looking for downflows in the maps, we found one of the largest asymmetries in
the Stokes V profiles that are detected in the SP sequence is the one presented in Fig.
3. Three-lobed Stokes V profiles are observed in a region with a strong downflow, of
about 4 km s−1, at 09:21 UT (not shown in Fig. 1), located in a bright point area, and

Max |V|/I;  integrated V (from -29 to +29 pm);  LOS-velocity         Three-lobed Stokes V: a hint for gradients. Plausible convective collapse
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Figure 7 Sequence of contrasted SST/G-band images for both time series s1 and s2 showing the evolution
of the studied quiet-Sun region on 29 September 2007. Frame at 09:08 UT (in gray-scale) corresponds to a
Hinode/CN image that covers the gap between s1 and s2 during the SST observation, with black contours out-
lining the negative magnetic polarity area. These frames display the average image over four-minute intervals
and the time stamps correspond to the initial time. The top-left frame shows the location of five regions of
interest (colored dots). The white arrow in frame at 08:48 pointing to the center of a convective vortex motion
detected in the FOV is included for reference. Boxes in black (top sequence) and gray (bottom sequence)
extract a common FOV. Case 1 (at 09:20) and Case 2 (at 09:32) stand for the analysis of plausible convective
collapse events shown in Figure 9. The locations displaying an intensification of BPs are encircled in white.

computed over the CN sequence (not shown in the article) and the results are similar to those
described above for SST/G-band data, although the noise increases due to the lower spatial
resolution.

5. Activity of Small Magnetic Elements

The quiet-Sun region studied is populated by BPs associated with the magnetic concentra-
tions, as remarked in previous sections. The activity of BPs reveals intrinsic properties of the
intense magnetic fields that emerge from the solar interior at such small spatial scales (e.g.
Ishikawa et al., 2007). Using the high-resolution G-band time series, we can identify the
rapid evolution of the region, i.e. exploding granules, reorganization of the granular pattern,
and a population of BPs. Figure 7 displays the sequence of images of the ROI (including
the two SST/G-band time series s1 and s2 in false color, separated by the gray-scaled Hin-
ode/CN image at 09:12 UT). The white arrow is a reference pointing to the location of the
swirl convective motion that develops in the region. Single BPs and chains of BPs are highly
dynamic, and we can show clear stages of fragmentation (i.e. 08:48 – 09:00 UT) and coales-
cence (09:05 – 09:20 UT) accompanied by spatial displacements and intensity changes.

The intensity variations in the series of CN, Ca II H, G-band, and magnetograms are
computed in a small box (7′′ × 7′′) at selected points (colored dots in first panel in Fig-
ure 7. Figure 8 plots the variation in time of intensity for two of the selected locations (black
and blue dots) in the vortex’s nearest vicinity. Although special attention is drawn to the
magnetic-field intensifications occurring after 09:20 UT that are described in the next sec-
tion, we include their intensity profiles for the whole time interval. From the analysis of
these profiles together with visual exploration of Figure 7 we can infer that the region un-
dergoes significant changes due to the vortex motions in the early phase. Later on, important
peaks in G-band intensity are seen at around 09:20 – 09:25 (black curve) and 09:32 – 09:40
(blue curve). Peaks in the intensity profiles are associated to the formation of BPs product
of coalescence processes, and they accompany changes in the underlying magnetic field as
a consequence of V1 described in the previous section. The magnetic activity and average
intensity in some locations are strongly linked to the rotation of the magnetic structures that
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Figure 8 Normalized intensity profiles for selected locations in different series of images. First three rows
(from top to bottom) from the analysis of Hinode/BFI (CN and Ca II H) and NFI (magnetic field in Mg I) data,
and the last row from SST data. The vertical solid lines separate the two time series s1 and s2 in SST/G-band
data with the seven-minute gap in between. Dot–dashed blue and black curves correspond to the locations of
corresponding colored dots in the top-left panel in Figure 7. The two vertical shadowed areas highlight the
time periods of the plausible convective collapse events (cases 1 and 2) analyzed in Figure 9 that correspond
to the location of the dark-blue and black dots in the first panel in Figure 7 and encircled in white in the same
figure.

seems to be dragged by the vortex developed during the time coverage of s1. Some of the
flows in Figure 4 are precisely observed within the ROI along trajectories connecting BPs
and ending up in the region where the center of the vortex is located, and hence bringing
plasma and embedded magnetic elements together to the vortex.

5.1. Magnetic-Field Intensification

Using Hinode/SP data, we analyze two particular cases for plausible convective collapses
taking place close to the vortex region. Magnetic-field magnification/intensification is ob-
served soon after the vortex has disappeared. Figure 9 shows: i) Stokes-V profiles of the
magnetically sensitive 630.1 nm and 630.2 nm Fe I lines, ii) maps displaying LOS veloc-
ities (VLOS) obtained by Dopplershift calculation on Stokes I , and iii) co-temporal mag-
netograms in absolute value [|V |/〈Ic〉] obtained from the peak Stokes V. The two cases
are referred to as cases 1 and 2. In case 1 (see row labeled A in Figure 9) maps are dis-
played every 36 seconds while Stokes-V profiles are plotted every 72 seconds (i.e., every
two maps) measured at the center of the region encircled in white in the maps (at 09:22 UT).
A green crosshair pinpoints the area where these profiles are obtained. Asymmetries be-
tween the two magnetic concentrations are evident. In the fourth panel in row A, a three-
lobed profile appears in the 630.1 nm but not in the 630.2 nm line, suggesting the presence
of stronger gradients (of magnetic field strength or velocity) above the lower photosphere
(630.1 nm line). This could be due to sub-resolution overlapping Stokes-V profiles; see for
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Figure 4 Horizontal velocities for different time intervals covering the G-band series s1. The upper-left map
is computed for the whole duration of the series against the background of vertical velocities in false color.
The ROI is framed in a black box with the same FOV (6′′ × 5′′) as that in Figures 1 and 7. The other maps are
computed over four-minute time intervals as labeled with background images displaying the corresponding
average images. The length of the yellow horizontal bar at coordinates [0,0] in every map corresponds to
1.5 km s−1.
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Figure 9 Detected cases of plausible convective-collapse events in Hinode data on 29 September 2007. For
every case the temporal sequence of LOS Doppler velocities (upper row) and magnetic signal (lower row) are
simultaneously shown in false-color maps. Encircled in white are regions displaying redshifts accompanied
by an intensification in the magnetic field. Stokes-V profiles are correspondingly plotted for these regions
(from the subpanel holding the white circumference to the following four panels), along with magenta and
blue lines indicating the nominal wavelengths.
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Figure 10 Evolution of peak magnetic-field strength [|B|, red squares] and maximum redshifted LOS ve-
locity (black diamonds) for case 1 (from ≈ 09:21 to 09:27 UT) and case 2 (from 09:33 to 09:38 UT) in the
regions encircled in white in Figure 9. Note that the bright point that corresponds to case 1 is already visible
at the leftmost part of the plot. Two important downflows at 09:21 and 09:33 UT and a peak in the magnetic
field at 09:30 UT are displayed (see text for details).

6. Discussion

We presented a continuation of the work in BEA10, who reported the observation of mag-
netic concentrations dragged into a convective vortex motion in the photosphere. We fur-
thermore studied the ROI (10′′ × 10′′) and analyzed the two examples of convective vortical
motions referred to as V1 and V2 (each one affecting a circular area of radius ≈3.0′′ from
the vortex center), with V2 lasting for more than an hour. The stability and lifetime of vor-
tical motions are strongly linked to the evolution of the granular pattern, and they seem to
gather larger velocity magnitudes in their more developed stage. BEA10 reported small-
scale magnetic concentrations of negative polarity affected by one of these convective swirl
motions of plasma and identified two main magnetic concentrations of which one does not
seem to be affected and remains rather stationary, while the other magnetic concentration
is dragged and approaches the center of vortex V1. In our analysis of the same region we
determined the motion of the magnetic centroid for each of these magnetic concentrations
and showed that one of them is affected as long as the vortex is present. The configuration
of the intergranular lanes with an azimuthally quasi-symmetric distribution as seen in the
average image and the evolution of the magnetic centroids are proposed to be linked to a
convective vortical motion. The vortical motion has different developing stages, as shown
by the computed horizontal flow maps, which record a more stable period that lasts for
about ten minutes. The onset of V1 is characterized by rather low mean velocity magnitudes
(600 m s−1), and the value increases up to 1 km s−1 while reaching the period of stability
mentioned above. The fate of V1 seems to be determined by strong flows coming from the
lower left part of the FOV that sweep away the coherence of the vortical motions and in-
crease the mean velocity value to about 1.5 km s−1. We estimated the lifetime of V1 to be
≈ 15 minutes. The configuration of the region in terms of horizontal flows, after V1 has
disappeared, resembles that for a mesogranular flow pattern (see for instance the lower pan-
els in Figure 5). Bonet et al. (2008) found that BPs describe spiral trajectories toward the
center of convectively driven vortex flows, although these authors did not claim to observe
fragmentation or coalescence processes associated with the activity of the visually tracked
BPs. In our analysis we found intense activity of BPs, including fragmentation and inten-
sification due to coalescence at the time when the magnetic concentrations rotate and seem
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Figure 6 Histogram of horizontal velocities computed for different time intervals for the G-band time series
s1, !t = 19 minutes (black) and four-minute interval averages !t1 (green), !t2 (yellow), !t3 (blue), !t4
(cyan), and !t5 (red). Statistics of velocities are computed in a region including the vortex. The upper panel
plots the mean velocity magnitudes in the histogram for the different intervals, where !tvortex (horizontal
dotted line) and !tFOV (horizontal black line) represent the mean velocity computed in the box framing the
vortex and in the whole FOV in the top left panel in Figure 4, respectively (see text for details).

estimated it depending on the evolution of BPs in the region, but from the proper motions of
convective plasma.

The statistics of the horizontal velocities are computed for all of the time intervals (!t

and !t1 to !t5). Figure 6 plots the histograms where the black curve represents the one for
!t and the color histograms correspond to the four-minute interval averages. The velocity
statistics are computed in a region including the vortex by establishing a threshold in the
divergence field to mask the vortex area coverage, thus computing the vectors in the nearest
vicinity to the center of convergence. The small upper panel in the figure plots the mean
velocity magnitude for the four-minute intervals as colored diamonds (same colors as used
for histograms) in the same vortex areas. The horizontal dotted line (!tvortex) represents the
value for the mean velocity magnitude as computed from the whole time interval [!t ] in
the black box framing the vortex (see top left panel in Figure 4), and the horizontal black
line [!tFOV] accounts for the same value in the whole FOV (≈10′′ × 10′′). There is a clearly
increasing trend for the mean velocity magnitudes when moving in time from !t1 to !t5,
starting from a value of ≈ 0.7 km s−1 (!t1) very close to the mean velocity magnitude
averaged over the whole FOV (!tvortex; when the vortex has not yet been formed). A period
of stability (of about ten minutes) in the velocity magnitude is registered for !t3 and !t4
corresponding to steady-vortex flows in the maps in Figure 4. After that, for interval !t5, we
find evidence of large flows coming from fast flows due to exploding granules taking place
in the lower right corner of the FOV.

Although our studied vortex seems to have disappeared in the flow maps for s2, the other
important sink in the FOV hosting vortex V2 remains present and in a developed stage. The
evolution of V2 can be followed throughout the flow maps in Figures 4 and 5 at [8,7.5]. The
vortical motion appears to be more stable and lasts longer but has a similar spatial coverage.
Surprisingly, this vortex does not seem to affect the dynamics of BPs in their vicinity in
the G-band time sequence. Concerning Hinode data, the map of horizontal velocities was

BPs intensities Magnetic field intensification
Horizontal velocity field and vortex structure
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Figure 1. Case study of a facula. From upper-left corner in clockwise direction:
CN, Ca , Na , G-band.

Figure 2. Relative intensity contours: CN, Ca , Na , G-band

metry is noticeable from the western facular point to the eastern inter-granular lane and
the adjacent granule.

4. Discussion and Concluding Remarks

Although this is only an example, we can say that the other three studied cases are also
well represented by the expanding magnetic flux tube model with variations in their
detailed structure, due to the diverse local convective structures, like one case in which
there is evidence of the magnetic flux tube being inclined respect to the local vertical.
It is worth reminding that we are studying the structure of an extremely dynamic envi-
ronment. We can see, in general, that the CN band has higher contrast than the G-band

72 Domingo et al.

Figure 3. West-east (left) and north-south (right) relative intensity profiles. The
scale on the right shows the V/I signal of the Na  magnetogram

in the small magnetic elements, as was shown by Zakharov et al. (2005) in small
magnetic elements in an active region. Due to the different height formation of their
radiation we see that the Ca  H element images are generally wider than the G and CN
bands due to the expansion of the magnetic flux bundle with height.
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Fig. 2. From top to bottom: magnetic field strength and LOS velocity single maps obtained by inverting SP data. The FOV covered is shown in
the left lower panel. Positive/negative VLOS values correspond to upward/downward velocity directions. Encircled region in VLOS map at 08:44 UT
displays a strong downflow appearing just before the formation of the vortex. Note that the displayed evolution of the region is longer in time here
than in Fig. 1 and the FOV smaller as framed by the black box at 09:04 UT in the same figure.
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Fig. 3. Map of horizontal velocities (FWHM 1.′′0). The length of
the black arrow at coordinates [0, 0] corresponds to 1.5 km s−1.
The background image represents the normalized divergence field.
The solid/dotted boxes extract the FOV covered by the sequences of
images in Figs. 1 and 2, respectively, as labeled.

be clearly distinguished in the |B| maps displayed in the first
row. SOT-SP data start earlier than the filtergrams and magne-
tograms described in the previous section. The first 5 frames
display the evolution of the magnetic structure prior to 08:40,
where we can see that it is already rotating. The maximum value
of the magnetic field strength was close to 600 G at 08:42,
though not included in the displayed images. The rms of the
errors in |B| is 194 G. We defined the errors to be the differ-
ences between the inferred from the model and the real param-
eters at optical depth log τ = −1. To check the reliability of the
inversion, we also compared these values with those obtained
by assuming a weak-field approximation (Landi degl’Innocenti
1992) and achieved similar results. The longitudinal magnetic
flux decreases by about 30% during the whole time interval. The
area of the structure seems to shrink with time. In particular,
for 09:00−09:20 the magnetic patches evolve from being bound
together, when the two structures lose their identity and become
elongated. The Y-shape structure that is evident in the MgI mag-
netogram (at about 09:12 UT) is not visible here. One possible
explanation is that Fe and MgI lines provide information about
different heights in the solar atmosphere. The missing compo-
nent of “Y” exhibits in MgI magnetograms a very weak and

variable signal that is co-spatial with bright regions in CaII im-
ages. However, the component is absent in photospheric filter-
grams and SP maps. SP maps are available until 09:44 (though
not shown in the figure) and show that the structure continues ro-
tating after 09:20 when the SOT-NFI and BFI time series end, L1
and L2 approaching each other towards the end of the observing
interval. The inclination (not shown here) remains stable during
the whole observing period. Magnetic flux tubes are vertically
oriented with inclination values close to 180 degrees. However,
changes in the inclination can be seen at 08:44, when some BPs
appear in-between the magnetic lobes. In spite of the high noise
level in Stokes Q and U, the good agreement between the mag-
netic structure observed in the LOS magnetogram and that of
SP maps is indicative of nearly vertical magnetic fields. In the
VLOS maps (second row of Fig. 2), the granules are clearly dis-
tinguished as upflows with velocities from 1 to 2 km s−1. The
intergranular lanes are the areas showing downflows with veloc-
ities from −1.3 to −2 km s−1. A strong downflow region appears
at 08:44 UT (encircled area in Fig. 2) that denotes the location
where the photospheric vortex forms (Sect. 3.3). It remains there
for several minutes (until 08:56) and at 09:20 another down-
flow region is observed at the location of L2 at the end of the
sequence, though much less intense. The magnetic patches are
located in the lanes, with a couple of exceptions where the mag-
netic areas do excursions into granules (at 09:00 and 09:07 UT).
During the whole sequence, numerous small-scale processes
take place leading to the formation of BPs (Paper I).

3.3. Photospheric plasma flows

The G-band series from SST were used to analyze the hor-
izontal proper motions of structures in the FOV. Proper mo-
tions were measured by using the local correlation tracking
technique (LCT, November & Simon 1988) implemented by
Molowny-Horas & Yi (1994). Maps of horizontal velocities are
calculated for the time series by using a Gaussian tracking win-
dow of FWHM 1.′′0, i.e., roughly half of the typical granular size.
Figure 3 shows the flow map computed from the first of the
SST time series (s1). This map of horizontal velocities is calcu-
lated by averaging over the total duration of the series (∼20 min).
The background image represents in false-color the normal-
ized (factor of 0.086 s−1) divergence field. Horizontal velocity
magnitudes are averaging-dependent values (Vargas Domínguez
2008), though the flow patterns yielded by the analysis of proper
motions are commonly assumed to represent plasma motions
thus enabling the detection of general trends, which is our main
aim here (e.g., sinks or granulation downdrafts where the cold
plasma returns to the solar interior). The map of horizontal
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Fig. 4. Temporal evolution of the magnetic centroid for both
lobes (L1 and L2) in Fig. 1. The trajectories followed by the centroids are
plotted independently and superimposed on the flow maps computed for
SST/G-band images in time intervals: s1 (left) and s2 (right). The back-
ground false-color image is the divergence field computed from each
respective flow map. Alphabet letters correspond to UT times as fol-
lows: A-08:40, B-08:48, C-08:56, D-09:00, E-09:04, F-09:08, G-09:12,
H-09:21, I-09:24, J-09:28, K-09:32, L-09:36, M-09:40, N-09:44. The
FOV is the same boxed in solid line in Fig. 3.

displacements is dominated by flows coming from granular ex-
plosive events and commonly associated with mesogranulation
(Roudier & Muller 2004; Bonet et al. 2005). We identified only a
pair of examples where strong sinks are present at intergranular
lanes (coordinates [6.5, 3.5] and [8.5, 7.5] in Fig. 3) but, in con-
trast to other areas displaying downflows, these are characterized
by being the draining point where all horizontal velocity vec-
tors in the neighborhood converge. This behavior was observed
in numerical simulations by Nordlund (1985), who showed that
the plasma on granular scales in strong downflow regions tend to
rotate around the center, like a bathtub effect. Both vortex-type
events last for several minutes (>20 min). Nevertheless, the one
framed in the two boxes in Fig. 3 is not only less stable and has
a defined onset in our data (at ∼08:48 UT, Paper I) but also ap-
pears to be the final destination of the magnetic concentrations
being dragged from an upper location (at coordinates [5, 7] in the
same figure), as described in Sect. 3.1. The latter vortex remains
rather stable but disappears abruptly in the map of horizontal ve-
locities computed for s2, which is dominated by an organized
flow coming from the lower right part of the FOV (Fig. 4, right).
Unfortunately, as already mentioned, there is a 7-min gap be-
tween s1 and s2 meaning that it is not possible to define exactly
when and how the vortex disappears.

4. Discussion

In Fig. 4, we plot the trajectories followed by the centroid
of the distribution of magnetic flux density for lobes L1
and L2. The centroids denoted with plus-signs and asterisks
for the respective lobes are now calculated for the individ-
ual maps obtained from SP data with a cadence of ∼36 s
using the magnetic flux density M for weighting. They
are defined by xc =

∑N
i=1 xiM(xi, yi)/

∑
M(xi, yi) and yc =∑N

i=1 yiM(xi, yi)/
∑

M(xi, yi), where (xi, yi) are the coordinates
of the ith pixel for each lobe. In spite of its lower resolution,
we use the SP data set because its time series extends until
09:44 UT, allowing us to track the dynamics of L1 and L2 over
a longer period. The trajectories are superimposed on both the
respective flow maps computed for the SST time series (s1
and s2) and the divergence field for each series. The comparison
with the centroid positions calculated using the MgI magne-
tograms (top row in Fig. 1) allowed us to estimate the errors
to be εx1 = ±0.35′′, εy1 = ±0.38′′ for L1 and εx2 = ±0.32′′,

εy2 = ±0.28′′ for L2. From the centroid positions, it was
possible to estimate the horizontal velocities for each lobe.
While L1 motion is confined to a radius of approximately 1′′,
L2 travels a much larger distance. In the time interval prior
to 09:14, its motion seems to be strongly influenced by the
vortex formed in the coordinates [3.5, 1.5] in the left panel
of Fig. 4, increasing its velocity from ∼1.5 to 3 km s−1 as it
approaches this location. After the vortex has disappeared,
L2 continues its movement with decreasing velocity probably
influenced by the continuous evolution of the surrounding
granules towards a new sink denoted by the region of negative
divergence whose center is located at coordinates [1.0, 2.5] in
Fig. 4 (right). Because of the lack of space here, additional
analysis of centroids velocities will be deferred to Paper I.

A possible explanation of the observed magnetic concentra-
tions being dragged towards the vortex center could be that this
is the result of the stochastic evolution of granules that allow
the BPs to approach the vortex influence, increase their veloc-
ities, and eventually fall into the vortex (surface scenario). On
the other hand, long-lasting (>1 h) vertical magnetic flux tubes
anchored beneath the surface might be directly influenced by the
vortex action due to some interaction mechanism taking place
underneath. Although presenting additional evidence to support
this scenario is beyond the scope of this paper, this possibility
should not be ruled out.

Acknowledgements. The Swedish 1-m Solar Telescope is operated by the
Institute of Solar Physics of the Royal Swedish Academy of Sciences at
the Spanish Observatorio del Roque de los Muchachos of the Instituto de
Astrofísica de Canarias. Hinode is a Japanese mission developed and launched
by ISAS/JAXA, with NAOJ as domestic partner and NASA and STFC (UK) as
international partners. It is operated by these agencies in co-operation with ESA
and NSC (Norway). The authors would like to thank the anonymous referee for
helpful comments on the manuscript.

References
Attie, R., Innes, D. E., & Potts, H. E. 2009, A&A, 493, L13
Bonet, J. A., Márquez, I., Muller, R., Sobotka, M., & Roudier, Th. 2005, A&A,

430, 1089
Bonet, J. A., Márquez, I., Sánchez Almeida, J., Cabello, I., & Domingo, V. 2008,

ApJ, 687, L131
Brandt, P. N., Scharmer, G. B., Ferguson, S., Shine, R. A., & Tarbell, T. D. 1988,

Nature, 335, 238
Ichimoto, K., Lites, B., Elmore, D., et al. 2008, Sol. Phys., 249, 233
Kosugi, T., Matsukaki, K., Sakao, T., et al. 2007, Sol. Phys., 243, 3
Krivova, N. A., & Solanki, S. K. 2004, A&A, 417, 1125
Landi degl’Innocenti, E. 1992, in Solar Observations: Techniques and

Interpretation, ed. F. Sánchez, M. Collados, & M. Vázquez (Cambridge:
Cambridge University Press), 73

Molowny-Horas, R., & Yi, Z. 1994, ITA (Oslo) Internal Rep., 31
Nordlund, A. 1985, Sol. Phys., 100, 209
November, L. J., & Simon, G. W. 1988, ApJ, 333, 427
Roudier, Th., & Muller, R. 2004, A&A, 419, 757
Ruiz Cobo, B., & Del Toro Iniesta, J. C. 1992, ApJ, 398, 375
Scharmer, G. B., Bjelksjö, K., Korhonen, T. K., Lindberg, B., & Petterson, B.

2003, Proc. SPIE., 4853, 341
Socas Navarro, H. 2001, in ASP Conf. Proc. 236, ed. M. Sigwarth

(San Francisco, CA: ASP), 487
Sturrock, P. A., & Uchida, Y. 1981, ApJ, 246, 331
Tarbell, T. D., Slater, G. L., Frank, Z. A., et al. 1991, BAAS, 23, 1048
Title, A. M., Tarbell, T. D., Simon, G., & the SOUP team 1986, Adv. Space Res.,

6, 253
Title, A. M., Topka, K. P., Tarbell, T. D., et al. 1992, ApJ, 393, 782
Tsuneta, S., Ichimoto, K., Katsukawa, Y., et al. 2008, Sol. Phys., 249, 167
Van Noort, M., Rouppe van der Voort, L., & Löfdahl, M. G. 2005, Sol. Phys.,

228, 191
Vargas Domínguez, S. 2008, Ph.D. Thesis, University of La Laguna – Instituto

de Astrofísica de Canarias, Tenerife, Spain
Wang, Y., Noyes, R. W., Tarbell, T. D., & Title, A. M. 1995, ApJ, 447, 419
Zirker, J. B. 1993, Sol. Phys., 147, 47

Page 4 of 4

P2.3 CSPM


