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Abstract

Recently, high-resolution observations improved our understanding of the penumbra formation process around
sunspots. In particular, two aspects have been carefully investigated: whether the settlement of the penumbra can
occur between the main opposite magnetic polarities where new magnetic flux is still emerging, and the
establishment of the Evershed flow. In this paper, we present the analysis of twelve active regions (ARs) where
both the penumbra formation and the onset of the Evershed flow were observed. We used data acquired by the
Helioseismic and Magnetic Imager (HMI) instrument on board the Solar Dynamic Observatory (SDO) satellite
analyzing continuum images, magnetograms, and Dopplergrams of the selected ARs. The results obtained in our
sample provided the following information about the stable settlement of the penumbra: eight spots formed the first
stable penumbral sector in the region between the two opposite polarities, and nine spots formed on the opposite
side. Moreover, eleven sunpots showed an inverse Evershed flow (i.e., a plasma motion directed toward the
protospot border) before the penumbra formation, which changes within 1-6 hr into the classical Evershed flow as
soon as the penumbra forms. Comparing our results with recent observations, we are able to discriminate between
the different ways of penumbra formation. Moreover, we suggest that the change from inverse Evershed flow,
visible before the penumbra appears, into the classical Evershed flow may be a signature of the formation of
penumbral filaments.

Key words: Sun: magnetic fields — Sun: photosphere — sunspots

1. Introduction

The characteristics of solar active regions (ARs) are
defined by the totality of observable phenomena from the
photosphere to the corona as a result of the magnetic flux that
has emerged from the convection zone (van Driel-Gesztelyi
& Green 2015). The simplest ARs have a bipolar magnetic
field configuration, but in general ARs may be built-up due
to several bipoles emerging in close succession. In the
photosphere, the most visible manifestations are sunspots,
regions where magnetic field bundles are most concentrated,
even if the magnetic field relevant to ARs is much more
extended.

Recently, a number of studies have been carried out to better
understand the sequence of processes at the base of the sunspot
formation and, in particular, of the penumbra formation around
protospots (Schlichenmaier et al. 2010; Rezaei et al. 2012;
Shimizu et al. 2012; Romano et al. 2013, 2014). Although not
specifically dealing with the process of the penumbra
formation, Zwaan (1992) reported that the first penumbral
sector of a sunspot forms toward the outer border of the AR,
then sector by sector the penumbra encircles the umbra leaving
a gap in the continuum intensity in the region facing the
opposite polarity. Finally, when the emergence of the magnetic
flux stops, the penumbra appears fulfilling the gap. On this
subject, Schlichenmaier et al. (2010), studying AR NOAA
11024, found that the penumbra forms in sectors and generally
on the side opposite to that between the two main opposite
polarities. These authors noticed that, although individual
filaments form on the side toward the opposite polarity, they
are not stable and continuously appear and disappear, due to
the ongoing flux emergence. For this reason they concluded
that the penumbra cannot form in the region of flux emergence
because this process prevents the settlement of the penumbral

field. This seems in agreement with Zwaan (1992). In contrast,
Murabito et al. (2017) reported on the formation of a stable
penumbra on the side toward the opposite polarity in the
following sunspot of the AR NOAA 11490. They noted in that
area the presence of an arch filament system in the chromo-
sphere and a filamentary pattern of the magnetic field similar to
the sea-serpent configuration, as well as horizontal fields at the
photospheric level before the formation of the penumbra. They
explained the presence of horizontal fields owing to the
changes in the inclination of overlying magnetic canopies
between the two polarities. This hypothesis was supported by
simulations of AR flux emergence carried out by MacTaggart
et al. (2016).

Some authors (e.g., Leka & Skumanich 1998; Rezaei
et al. 2012) estimated the critical value of some physical
parameters above which penumbra formation takes place. They
found that a magnetic flux threshold of (1-1.5) x 10%° Mx is
needed for a penumbra to develop (Leka & Skumanich 1998).
This threshold is in accordance with theoretical models
(Rucklidge et al. 1995). In addition, Rezaei et al. (2012) found
a critical value for the magnetic field strength, B.; < 1.6 kG,
and a critical inclination angle of the magnetic field, v = 60°.
The observations carried out by Jurédk et al. (2014) show
evidence of a critical value of inclination at the protospot
boundary. In particular, just at the onset of the penumbra, the
field becomes more inclined. Later the umbra-penumbra (UP)
boundary migrates inwards and the field on the boundary
becomes more vertical.

In this context, according to Kitai et al. (2014) there are three
ways to form the penumbra:

1. Active accumulation of magnetic flux: the magnetic
flux concentrations move to form a denser magnetic
concentration.
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2. Rapid emergence of magnetic fields: new magnetic flux of
the same polarity of the protospot emerges.

3. Appearance of twisted or rotating magnetic flux tubes: the
penumbra filaments are seen rotating with respect to the
radial direction from the umbra center.

In particular, they classified the AR 11024 studied by
Schlichenmaier et al. (2010) and the AR 11490 studied by
Romano et al. (2013, 2014) and Murabito et al. (2016, 2017) as
cases of active accumulation of the magnetic flux.

Another aspect that has been investigated concerns the
typical velocity pattern known as the Evershed flow (Evershed
1909). In recent observations, Schlichenmaier et al. (2012) and,
in more detail, Murabito et al. (2016) found during the early
stage of penumbra formation a line-of-sight (LOS) velocity
pattern characterized by opposite sign (a so-called inverse
Evershed flow), with respect to that observed later, when the
penumbra has formed.

In this paper, in order to further investigate both aspects, i.e.,
whether penumbrae can form in the region between the main
opposite sunspot polarities and the transition from inverse
Evershed flow to the classical Evershed flow, we studied the
penumbra formation of 12 ARs using observations carried out
by the Helioseismic and Magnetic Imager (HMI; Scherrer
et al. 2012) on board the Solar Dynamic Observatory (SDO;
Scherrer et al. 2012) satellite. The paper is organized as
follows: in the next section we describe the observations,
presenting the results in Section 3. We summarize the main
conclusions in Section 4.

2. Observations

We used the Space weather HMI AR Patches (SHARPs;
Bobra et al. 2014) continuum filtegrams, LOS magnetograms,
and Dopplergrams taken by HMI along the Fe1 617.3 nm line
with a resolution of 1”7 and a pixel size of 075. To follow the
evolution of the penumbra we used the HMI data with a
cadence of 12 minutes.

We analyzed 12 ARs that appeared on the solar disk in 2011
and 2012, during the maximum of solar cycle 24. The ARs
were chosen according to the following criteria:

1. penumbra formation occurring while the sunspots of the
ARs were visible on the solar disk;

2. [(-type magnetic field configuration during the entire
passage of the AR over the visible solar hemisphere.

The latter requirement is chosen because the 3-type magnetic
field configuration is the simplest magnetic configuration,
corresponding to a bipolar system, that allows the study of the
preferential site of the penumbra formation.

In Table 1 the principal information about the sample of the
ARs is listed. The second column provides the center position
of the field of view (FOV) of the entire AR at the beginning of
the observations (see Figures 1 and 2), and the third and fourth
columns provide the time of the beginning and end of the
observations. The end time indicates the time at which the
formed stable penumbra completed its formation process.

To calibrate the Dopplergrams, we assumed that, on average,
there is no plasma motion in the umbra (Rimmele 1994).
Therefore, we defined the umbra with a threshold of the
normalized continuum intensity, /. < 0.5, calculated the mean
velocity in the umbra, and subtracted it from the velocity in

Murabito et al.

Table 1
Selected ARs
AR Position Start Time End Time
(arcsec) UT) (UT)

11150 (—610, —280) 2011 Jan 30 2011 Feb 02
18:00 17:48

11184 (—150, 375) 2011 Apr 03 2011 Apr 06
06:00 05:36

11210 (—200, 380) 2011 May 09 2011 May 11
15:00 05:24

11242 (100, 240) 2011 Jun 29 2011 Jul 01
06:00 05:48

11243 (—540, 230) 2012 Dec 09 2012 Dec 10
00:00 00:00

11466 (—600, 270) 2012 Apr 22 2012 Apr 22
03:00 23:00

11490* (—180, —200) 2012 May 28 2012 May 29
14:00 21:00

11512 (750, —280) 2012 Jun 25 2012 Jun 28
01:00 00:00

11554 (—380, 150) 2012 Aug 24 2012 Aug 25
06:00 21:00

11610 (—520, —440) 2012 Nov 09 2012 Nov 11
15:00 06:00

11630 (—250, 310) 2012 Dec 09 2012 Dec 10
00:00 00:00

11640 (—410, 490) 2012 Dec 30 2013 Jan 03
10:00 10:00

Note.

% AR 11490 described and studied in Murabito et al. (2016, 2017).

each pixel of the FOV. Being aware of the systematic errors
associated with the SDO spacecraft orbital velocity (Couvidat
et al. 2016), we compared this calibration with the standard
HMI calibration and with that obtained by removing the
Sminute LOS velocity oscillations in the sunspot using a
subsonic filter to highlight the peculiar signals of the flow
associated with the penumbra formation. The velocities
calibrated using the three different methods are comparable
within an uncertainty of 100 ms~'. Taking into account this
result, we report in the following the values of the velocity
obtained by means of the first method described above.

3. Results
3.1. General Overview

Figures 1 and 2 display the continuum intensity (left column)
and the simultaneous magnetograms (right column) of the
selected ARs. All of the ARs follow the Hale’s law (Hale &
Nicholson 1925). In Table 2 we classified the protospots of the
selected ARs as A or B depending on the side where the first
stable penumbral sector forms, as represented in the cartoons
shown in Figure 3. As a criterion to determine the stability of
the penumbral filaments, we used a threshold of 10 times the
granular life time, following the observations of Schlichenma-
ier et al. (2010). Then, we labeled the spots where the first
stable penumbral sector forms away from the opposite polarity
as A (see Figure 2, top panel). We indicated the spots where the
penumbra starts to form between the two main polarities with B
(see Figure 2, bottom panel). This information is listed in the
third column of Table 2. The fourth column of Table 2 lists the
time interval needed for the penumbra formation (in hours). We
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Figure 1. Continuum filtergrams (left column) and LOS magnetograms (right column) of six ARs of the sample at the beginning of the observation time. Here and in
Figure 2 the red and blue boxes indicate the FOVs displayed in the Figures 4 and 5 for the following and preceding polarity of each AR, respectively. In all of the
figures solar west is on the right and north is on the top.
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Figure 2. Continuum filtergrams (left column) and LOS magnetograms (rigth column) of the remaining six ARs of the sample at the beginning of the

observation time.
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- &
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Figure 3. Representation of the criterion used to classify the penumbra
formation for the selected ARs. The white and black ovals represent the
following and preceding protospot, respectively. The gray oval represents the
first penumbral sector.

Table 2
Properties of the Selected ARs

AR Polarity®  Class®  Time Penumbra Inverse Evershed
(hr) Development® Flow
NOAA F A 24 1 No
11150 | B 26 1 Yes
NOAA F B 12 1 Yes
11184 P A 71 C Yes
NOAA
11210 P B 15 C No
NOAA F B 38 C No
11242 P A 12 C Yes
NOAA
11243 P A 77 C Yes
NOAA
11466 P B 8 C Yes
NOAA F B 27 C No
11490 P A 24 C Yes
NOAA
11512 P A 71 C Yes
NOAA F A 8 1 No
11554 P B 17 C No
NOAA F B 24 C Yes
11610
NOAA F A 10 C Yes
11630
NOAA
11640 | A 55 C Yes
Notes.

P, preceding spot; F, following spot. Spots indicated with boldface are
described in the main text.

b A, first penumbral sector forms away from the opposite polarity; B, first
penumbral sector forms in the region between the two polarities.

€ C, complete penumbra; I, penumbral sectors.

4 Detailed analysis in Murabito et al. (2016, 2017).

reported in the fifth column whether the pore forms a complete
penumbra, reaching the condition of a mature sunspot. Spots
indicated with boldface (Table 2) are analyzed in detail in the

Murabito et al.

following paragraphs, and the remaining ARs are shown in the
Appendix in Figures 7-14. The missing spots have been
excluded because the penumbra does not form or the first
formation site is difficult to classify. We found that nine spots
form the penumbra away from the opposite polarity (A-type)
and eight spots form in the region facing the opposite polarity
(B-type). The formation process in A-type spots has an average
formation time of about 39 + 29 hr. Conversely, the B-type
spots form a penumbra faster, with an average formation time
of about 21 + 10hr.

A-type: Figure 4 shows two clear examples of A-type spots:
the following polarity of AR 11630 and the preceding polarity
of AR 11640. In the AR 11630, the two polarities are well
separated, as shown in the magnetogram acquired at 00:10 UT
on December 9 (see Figure 2(j)). The continuum intensity map
(Figure 2(i)) shows two dark structures with an elongated
shape. Concerning the following polarity, the penumbra starts
to form away from the opposite polarity (see the orange and the
black arrows in Figures 4(b) and (a) that point to the area where
the penumbra starts to form and to the opposite polarity region,
respectively). Also, in Figures 4(a)-(d) we can see that the
penumbral filaments to the northern and western side of the
spot are inclined with respect to the radial direction from
the umbra center. This is visible for about 8 hr, as can be seen
in the yellow box of the continuum intensity maps of Figures 4
(a, c—d). This behavior can be ascribed to a peculiar penumbra
formation process, where a twisting or rotating magnetic flux
tube is crossing the photosphere. After about 22 hr from the
beginning of the observations, the spot shows a full penumbra
(see Figure 4(e)).

In the same way, the preceding polarity of AR 11640 shows
the first penumbral filaments (see the orange arrow in
Figure 4(g)) appearing on the side away from the opposite
polarity (see the black arrow in Figure 4(f)) after 12 hr from the
beginning of the observations. It shows a fully developed
penumbra after 55 hr, i.e., at 4:10 UT on 2013 January 3, as
shown in Figure 4(j). The penumbra formation process for this
spot is the result of active accumulation of the magnetic flux.

B-type: Concerning B-type spots, one example is shown in
Figures 5(a)—(e) for AR 11610. A small positive polarity and a
more diffuse, negative polarity characterize this AR at 15:10
UT on November 11 (see Figures 1(g)—(h)). After about 2 hr
from the beginning of the observations, the protospot in the
negative polarity exhibits the first stable penumbral filaments
on the side between the two polarities (see the orange and black
arrows Figure 5(a), respectively). After 24 hr of active
accumulation of the magnetic field, the penumbra surrounds
the umbra, except in the area to the northwest (Figure 5(e)). In
Figure 5(d) we can see that the penumbra on the side toward
the opposite polarity appears earlier than on the side away from
the opposite polarity.

Another example of a B-type spot is given by the preceding
polarity of AR 11150. This AR is characterized by a diffuse
negative polarity and a more compact positive polarity on
January 30 at 18:00 UT (see Figures 1(a)—(b)). Initially, the
preceding polarity consists of two positive pores. The biggest
one, after 4 hr from the beginning of the observations, shows the
first stable penumbral filaments in the area facing the opposite
polarity (see the orange and black arrows in Figures 5(f) and (g),
respectively). Noticeably, at the end of the penumbra formation
process (Figure 5(j)), the penumbra covers only half of the
umbra, the one facing the opposite polarity.
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Figure 4. Evolution of the penumbra in the continuum maps of the following polarity of AR 11630 ((a)-(e)) and preceding polarity of AR 116400 ((f)-(j)). The
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Figure 5. Same as in Figure 4 of the following polarity of AR 11610 ((a)—(e)) and the preceding polarity of AR 11150 ((f)—(j)).

3.2. Velocity Pattern

In Table 2 we report the presence of the inverse Evershed
flow. In particular, in 11 spots we observe a flow of opposite
sign with respect to that observed when the penumbra has
formed, i.e., an inverse Evershed flow. In Figure 6, we show
images of the continuum and LOS velocity maps for the
following polarities of the AR 11610 and 11630, respectively.
In these cases the inverse Evershed flow was clearly detected
before the penumbra formation, although this process has
already started.

Table 3 reports the mean values of the velocity before and
after the penumbra formation, calculated inside the boxes
shown in Figure 6.

In fact, in AR 11610, despite that the penumbra surrounds
almost all of the umbra, there is a sector without penumbra on
the eastern side of the following spot where we observe the
onset of the Evershed flow in about 6 hr. The mean velocity
before the onset of the Evershed flow is around —160 m sfl,
which becomes 210 m s~ when the penumbra is completely
formed. Concerning AR 11630 (Figure 6(i)—(p)), we observe
at 11:00 UT (Figure 6(m)), when no penumbra filament is
present (Figure 6(i)), that most of the area inside the black
square is redshifted, with a mean velocity of about 220 ms ™.
After 1 hr, filaments appear and the area becomes blueshifted

(see Figures 6(j) and (n)).



THE ASTROPHYSICAL JOURNAL, 855:58 (10pp), 2018 March 1

10 Nov 09:34:00 UT

10 Nov 14:00:00 UT 10 Nov 15:00:00 UT

Murabito et al.

10 Nov 17:00:00 UT

40ofa 116101 b ] Fe

Y (arcsecs)

Y (arcsecs)

v Cduerd MU L F L -0.8
-440 420 -400 -380 400 -380 -360 -340 400 -380 -360 -340 -380 -360 -340 -320
9 Dec 11:00:00 UT 9 Dec 12:36:00 UT 9 Dec 14:00:00 UT 9 Dec 16:00:00 UT
340 ISR XAt T e e e R e SRR PSR S g
‘g‘ g ] . :
3201 bl 3 i e YN e ]
4 L NEES I YRS TEESINE TAR!
> 3001 1t 1t 1F 8
F
9 Dec 11:00:00 UT
340§, A 08
? g 04 ¢
? 320 § X
¢ b 0.0 2
> 300 f#5 -0.4%
- 0.8 =

-200 -180 -160 -14200 -180 -160 -140

-180

-160 -140 -120 -160 -140 -120 -100

Figure 6. From top to bottom: zoom of the continuum and LOS velocity maps of the following sunspot of AR 11610 ((a)—(h)) and of the following sunspot of AR
11630 ((i)~(p)). The boxes in all of the panels indicate the regions where we calculated the values of the velocity reported in Table 3.

4. Discussion and Conclusions

In this paper we studied the penumbra formation in 12 ARs.
We followed the evolution of the preceding and following
spots using continuum and LOS velocity maps and, depending
on where the first penumbral sector started to form, we
classified the following and preceding polarities of each AR.

Despite the fact that not all of the spots in our sample are
fully surrounded by a penumbra, we found that the last
penumbral sector does not always appear on the side toward the
opposite polarity (see the preceding polarity of AR 11150 in
Figure 5), contrarily to what was reported by Zwaan (1992).

We found that in eight spots the first stable penumbral sector
formed on the side toward the opposite polarity, and in nine
spots it formed away from the opposite polarity (see Table 2).

We can also note that the time needed to form the penumbra
seems to be related to the side where the penumbra appears. In
particular, it seems that the penumbra formation in B-type spots
is quicker (about 21 hr) than in the A-type spots (about 39 hr).

In addition, we highlight that, considering our sample, the
penumbra formation is of an A—A type, i.e., according to
Schlichenmaier et al. (2010) observations, or an A-B type, in
agreement with the observations of Murabito et al. (2016, 2017).

Table 3
LOS Velocity around Sunspots

AR Initial Velocity Final Velocity
(ms™h (ms™h

11610 —160 210

11630 220 —260

We also report observational evidence that the appearance of
the penumbral filaments is correlated with the transition from
the inverse Evershed flow. We found that the plasma velocity
changes its sign even if we apply different calibration methods.

Unfortunately, the spatial resolution of HMI does not allow
us to estimate the vertical component of the magnetic field to
compare it with the critical value found by Jurcak (2011). The
asymmetry of the observed penumbrae and the different
locations where they can form suggest that the critical vertical
magnetic field value found by Jurcak (2011) should be further
investigated in order to find a condition that takes into account
that the magnetic field could be not homogeneous along the UP
boundary.
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Our results can be compared with the recent sunspot
simulations of Chen et al. (2017), where the evolution of
emerging flux bundles generated in a solar convective dynamo is
studied. Their preliminary results concerning the penumbral
filaments and their formation indicate that the long penumbral
filaments are more likely to appear in regions with ongoing flux
emergence, on the side of the opposite polarity. The penumbral
filaments found on the side away from the opposite polarity are
fewer and shorter. Also in those simulations, the penumbral
filaments are characterized by radial inflows, although part of the
penumbra is dominated by an outflow in agreement with the
observed Evershed effect. In our analysis, independently on
the type and stage of the penumbra formation, i.e., if it concerns
the formation of the first penumbral sector or the entire penumbra,
we found that the absence of penumbral filaments in the
continuum intensity is associated to an inverse Evershed flow
that changes its sign when the penumbra appears in about 1-6 hr.
This confirms the scenario proposed by Murabito et al. (2016) for
the onset of the classical Evershed flow. Thus, these systematic
changes of direction of the plasma flows around the pore appear to
be a signature of the formation of stable penumbral filaments.

Finally, according to the findings of Kitai et al. (2014), we
confirm that there are different paths for the penumbra
formation. In our study, in fact, we found evidence of some
paths proposed by Kitai et al. (2014): active accumulation of
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the magnetic field and appearance of a twisted and rotating
magnetic flux tube. Moreover, they found these formation
paths in a single 5—v AR. Our sample is composed only by /3
AR, and we noted that not all of the formation paths are
included in the formation relevant to a single AR.

These clues could be investigated in more detail benefiting
from the extremely high resolution of the next generation of
solar telescopes such as the GREGOR telescope (Schmidt
et al. 2012), the Daniel K. Inouye Solar Telescope (DKIST,
formerly the Advanced Technology Solar Telescope (ATST);
Keil et al. 2010), and the European Solar Telescope (EST;
Collados et al. 2010).

This work was supported by the Istituto Nazionale di
Astrofisica (PRIN-INAF-2014), the University of Catania
(PRIN MIUR 2012), and from the European Union’s Horizon
2020 research and innovation program under grant agreement
No 739500.

Appendix

Figures 7-14 display the continuum maps relevant to the
evolution of the ARs analyzed in Table 2, which are not
described in the main text.
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Figure 8. Same in Figure 4, for AR 11184.
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Figure 9. Same in Figure 4, for the preceding polarity of AR 11210.
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Figure 11. Same in Figure 4, for the preceding polarity of AR 11243.
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Figure 12. Same in Figure 4, for the preceding polarity of AR 11466.
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