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ABSTRACT

Penumbrae are the manifestation of magnetoconvection in highly inclined (to the vertical direction)
magnetic field. The penumbra of a sunspot tends to form, initially, along the arc of the umbra
antipodal to the main region of flux emergence. The question of how highly inclined magnetic field
can concentrate along the antipodal curves of umbrae, at least initially, remains to be answered.
Previous observational studies have suggested the existence of some form of overlying magnetic canopy
which acts as the progenitor for penumbrae. We propose that such overlying magnetic canopies are
a consequence of how the magnetic field emerges into the atmosphere and are, therefore, part of the
emerging region. We show, through simulations of twisted flux tube emergence, that canopies of
highly inclined magnetic field form preferentially at the required locations above the photosphere.
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1. INTRODUCTION

A sunspot represents a strong concentration of mag-
netic field in the photosphere. Although a sunspot
exhibits much fine-scale structure, it can be charac-
terized by two regions with substantially different in-
clinations of the magnetic field. The central region,
the wmbra, contains predominantly vertical field, i.e.
normal to the photosphere. Surrounding the umbra
is the penumbra, where the field is much more in-
clined to the vertical direction. Since the umbra and
penumbra sit in a convecting plasma, magnetocon-
vection ensues and produces much fine-scale structure
(Thomas & Weiss 2008). The different dynamics of the
umbra and penumbra depend on the magnetic field incli-
nation (Rempel & Schlichenmaier 2011; Rempel 2012).
Although the ‘horn’ geometry of a sunspot magnetic
field has been known for a long time, exactly how
it forms remains to be answered. Observations show
that particular sections of penumbrae form first. These
are typically located on the antipodal, with respect to
the emerging region, arcs of the umbrae. The phe-
nomenon has been reported in many observational stud-
ies (e.g. Schlichenmaier et al. 2010; Rezaei et al. 2012;
Shimizu et al. 2012; Romano et al. 2013). Figure 1
shows a sunspot at different times in the evolution of its
penumbra. For our purposes we shall define two distinct
spatial regions that are highlighted in Figure | (a). The

antipodal curve, AC, is the region where the penumbra
first forms and is indicated by a border of crosses. The
central emergence region, CER, is the main emerging re-
gion between the two main active region sunspots and
is indicated by an ellipse. Figure 1 (a) displays a spot
before its penumbra has formed. Later, in Figure 1 (b),
the penumbra grows along parts of the AC. In Figure 1
(¢), the penumbra has now engulfed the AC and is fully
developed except at a small location near the CER.

As a penumbra represents a region of inclined mag-
netic field, how is it that such field collects initially in
preferential locations along the AC, as shown in Fig-
ure 17 Recent observational studies have suggested
that an overlying magnetic canopy must exist as a
prelude to penumbra formation (Shimizu et al. 2012;
Romano et al. 2013). Shimizu et al. (2012) go as far to
state that “the magnetic field structure in the chromo-
sphere needs to be considered in the formation process
of the penumbrae”. There are two possible origins for an
overlying magnetic canopy. The first is that it existed
in the atmosphere before the emergence of the active
region. The second is that the canopy is somehow con-
nected to the emerging region. Since the first option
would require the background atmosphere to combine
many imponderables favourably (e.g. field inclination,
direction, location, etc.) we shall focus on the second
option.

In this Letter we propose that penumbra formation is
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Figure 1. Different stages of penumbra formation. (a) shows the pre-penumbral spot. The central emerging region, CER, and
antipodal curve, AC, are highlighted. (b) The penumbra forms along the AC. (¢) The penumbra now occupies the entire AC
and is not developed only at a small location near the CER. This penumbra formation is also analyzed by Romano et al. (2013)

and Murabito et al. (2016).

a simple consequence of how the emerging magnetic field
expands into the atmosphere. We argue this through
analyzing the magnetic field structure of emerged flux
tubes. The rest of the Letter is outlined as follows: the
model is presented, outlining the equations and mod-
elling assumptions; the magnetic field inclination is in-
vestigated in relation to its position relative to sunspots;
a discussion of the results concludes the Letter.

2. MODEL DESCRIPTION

In this Letter we are not concerned with producing the
fine-structure of sunspot dynamics but the large-scale
distribution of magnetic field inclination in an emerging
region. To investigate this property we present simula-
tions of magnetic flux emergence. The compressible and
resistive magnetohydrodynamic (MHD) equations are
solved using a Lagrangian remap scheme (Arber et al.
2001). In dimensionless form, the equations are

p = _pv - u, (1)

1 1 1
1=-—-Vp+—-(VxB)xB+g+-V-Ty, (2
p p p

B=(B-V)u—(V-u)B+7V’B, (3)

1 1
e=-LV.utIpi2+ Ty v, (4)

p p p
V-B=0, (5)

with specific energy density

p

T h-np ©)
The over-dot represents the material derivative and the
double-dot represents the double contraction of a sec-
ond order Cartesian tensor. The basic variables are
the density p, the pressure p, the magnetic field B and
the velocity u. 7 is the magnitude of current den-
sity, g is gravity and y(= 5/3) is the ratio of spe-
cific heats. The nondimensionalization follows that of
other works (e.g. Murray et al. 2006; MacTaggart et al.

2015) with (photospheric) values for the pressure pp, =
1.4 x 10* Pa; density ppn = 3 x 1074 kg m~3; scale
height Hp, = 170 km; magnetic field By, = 1.3 x 103 G;
speed up, = 6.8 km s™1; time tp, = 25 s and temper-
ature T, = 5.6 x 10 K. A uniform resistivity is used,
1 = 0.001. The viscosity tensor is given by

2
Tv_u<Vu+VuT—§IV-u>, (7)

where 1 = 0.0001 and I is the identity tensor.
The idealized initial equilibrium atmosphere is given
by prescribing the temperature profile

1— —V;lz, z < Zph,
T(Z) - 17 th S z S Ztr, (8)
- [(z—2¢r)/ (Ztr —2pn)]
cor , Ztr < 2 < Zcors
Teor, Z 2 Zeors

where T¢or = 150 is the initial coronal temperature, zp,
is the base of the photosphere, zi, = zpn + 10 is the
base of the transition region and zcor = 2pn + 20 is the
base of the corona. In this paper, z,, = 0. The solar
interior is defined by z < zpn and is taken, for simplic-
ity, to be convectively stable (Hood et al. 2012). The
other state variables, pressure and density, are found by
solving the hydrostatic equation in conjunction with the
ideal equation of state

dp

- = :T' 9
P pg, P=p 9)

The domain size is (z,y, z) € [-110,110] x [-110, 110] x
[—30,80]. The resolution is 3123. The form of magnetic
flux tube that is placed in the solar interior is similar to
other studies (e.g. Galsgaard et al. 2005; Murray et al.
2006) and has the (cylindrical) components

B, = Byexp(—r*/R*), By =arB,, B,=0, (10)

where r? = 2% + (2 — 29)?, 2o is the initial height of the
tube axis, R is the tube radius, By is the initial axial



field strength and « is the twist. In this Letter we choose
the values R = 3.5 and zg = —20, which are typical for
flux emergence studies (Hood et al. 2012). We vary the
other parameters in order to assess their influence on
the inclination of the emerged field. The flux tube is
perturbed, in order to initiate its rise, with a density
deficit proportional to exp(—y%/A?). In the following
simulations we take A = 15.

The sizes of the regions that we consider in this
Letter are smaller than typical active regions, which
have lengths of O(100) Mm across. The regions we
are modelling here have lengths of O(30) Mm and
are more comparable to large ephemeral regions (e.g.
Guglielmino et al. 2010). This is a modelling choice in
order to be able to resolve different regions of the at-
mosphere. Scaling up to full active region size would
result in the photoshere/chromosphere region shrinking
to one or two grid points. The size of the modelled re-
gion will not have a strong effect on the results that we
will present. We shall return to this point in the Dis-
cussion.

3. SIMULATIONS

To investigate how the magnetic field inclination is dis-
tributed after emergence into the atmosphere, we con-
sider three numerical experiments with different values
of the axial field strength and the twist. These are Ej:
BO = 6, Qo = 0.3; E22 BO = 6, Qo = 0.2 and E32 BO = 8,
ap = 0.3.

3.1. General features

The process of flux emergence has been de-
scribed at length in previous work (Hood et al. 2012;
Cheung & Isobe 2014). In short, however, as the mag-
netic field pushes into the atmosphere, the magnetic
pressure dominates the surrounding plasma pressure and
can push rapidly into the corona. Figure 2 (a) displays
a slice of the magnitude of the magnetic field strength
in the z = 0 plane from FE; at ¢t = 190.

Above the photosphere (z = 0) there is a ‘magnetic
bubble’ that has expanded into the atmosphere. The
bubble clearly expands over the footpoints (sunspots)
of the emerging region. Plotting field lines, as shown
in Figure 2 (b) in these regions, reveals more of the
geometry of the magnetic field. In particular, the in-
clined field has both radial and azimuthal, relative to the
sunspot center, directions. This geometry could be con-
nected to observations of Lim et al. (2013) which show
both radially and azimuthally directed penumbrae. Fig-
ure 2 demonstrates that there is a clear change in the
field inclination from vertical at the footpoints to near-
horizontal at the antipodal regions. We shall now give
a more quantitative description of the field line inclina-
tions in the numerical experiments.

(b)

Figure 2. Representations of the magnetic field. (a) ||B|| in
the = 0 plane of E; at t = 190. (b) Selected magnetic field
lines from E7 at t = 190. The slice shows B, at z = 0. Red
and blue colours indicate the two different overlying regions.

3.2. Probability distributions

In order to give a quantitative measure of the field
inclination, we produce kernel density estimates of the
angle of the field to the vertical, § = cos™1(B-e./||B]|).
The kernel density estimate (KDE) procedure general-
izes the notion of a histogram (e.g. Lindsay et al. 2007).
If ©,...,0, is a sample of n observations with true
density f(#), the kernel density estimate of f(6) is

_%§K<9 9i>, (11)

where the kernel K (6) is non-negative and satisfies

/ K(6)do = 1. (12)

Clearly, f (#) is a non-negative function that integrates
to one. In equation (11) the parameter h is called the
bandwidth of the estimator. In order to calculate KDEs
we require a particular form for the kernel function.
Taking K (0) to be the probability density function for
the normal distribution with zero mean and unit vari-
ance, the KDE is

f(0) = nh\/—z [ <9h@>

(13)
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Following Silverman (1986), we choose a bandwidth that
is suitable for unimodal distributions and has the form
h = 1.060n~92 with variance . In this Letter, n will
represent the number of grid points where # is calcu-
lated.

In order to investigate the magnetic field inclination,
we must select different regions for producing the KDEs.
In each of the three experiments, we consider two re-
gions. The first is the overlying canopy region, OCR,
which includes the AC and represents where the highly
inclined field (for penumbra formation) collects. The
second is the CER. For the OCR, we choose a region
bounded at one side by the edge of the footpoint (near-
vertical field) in the # = 0 plane and enclosed within
the photosphere/chromosphere region. In Ej, for ex-
ample, this region is given by (z,y,2) € [—110,110] x
[—110, —24] x [0, 10] (cf. Figure 2 (a)). We only consider
one OCR as the other is nearly identical by symmetry.
The CER is defined to be the region between the lat-
eral boundaries of the canopy regions. For FEj, this is
(x,y,2) € [-110,110] x [—24,24] x [0, 10].

Figure 3 (a) displays f (9) for the two regions described
above for E; at t = 190. Angles close to 0° or 180° rep-
resent near-vertical field. Those close to 90° represent
near-horizontal field. When ||B|| < 107, § is not calcu-
lated. In the OCR there is clearly a highy probability
of finding near-horizontal field and a low probability of
finding near-vertical field. In the CER, there is a more
uniform distribution for all inclination angles.

Figure 3 (b) displays KDEs corresponding to those in
Figure 3 (a) but for a potential field extrapolation in-
stead of the full MHD model. To calculate the potential
field, we use the technique described in Alissandrakis
(1981). On the bottom boundary, the photospheric B,
profile from F; at ¢t = 190 is used. In calculating the
potential field, the size of our computational domain
is slightly different compared to the MHD simulation.
However, since the magnetic field decays rapidly before
it reaches the boundaries in this simulation, we do not
expect this change in size to have a significant effect
on the results. In the OCR, there is again a strong
bias towards the field being close to horizontal. In the
CER, there is a greater probability of near-horizontal
field than in the MHD case. However, compared to the
OCR KDE, this probability is less and there is more
spread in the field inclination. Qualitatively, the results
of the MHD and potential models are very similar.

The potential field extrapolation represents an
emerged field with no current density or coupling to
the background plasma. The fact that this model pro-
duces results that are very similar to the full MHD
case suggests that the existence of magnetic canopies
is not due primarily to the complexity of the emerged
field (e.g. current structure, supporting dense plasma,
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Figure 3. KDEs for the two regions of E;. (a) shows the
results from the full MHD model and (b) the potential field
extrapolation. Key: OCR (blue), CER (orange).

etc.). Rather, it is the ease with which the emerged field
can expand into the field-free atmosphere in the OCRs
that facilitates the formation of highly inclined magnetic
field.

We add weight to this result by performing two other
simulations with different twist and field strength val-
ues. For these experiments we have to define differ-
ent sizes for the regions as the magnetic fields ex-
pand more, within the same time period, than in
E,. For E,, the OCR is defined by (z,y,2) €
[-110,110] x [-110,—52] x [0,10] and the CER by
(x,y,2) € [—110,110] x [—52,53] x [0,10]. In Ej, the
OCR is (z,y, z) € [-110,110] x [-110,50] x [0,10] and
the CER is (z,y,z) € [—110,110] x [—50,50] x [0, 10].
These regions are selected at time ¢t = 190 for Ey and
t = 150 for E3. Since the field strength is stronger in
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Figure 4. KDEs for the two regions of (a) E2 at t = 190 and
(b) E5 at t = 150. Key: OCR (blue), CER (orange).

FEj5, its magnetic field expands faster and reaches the
boundaries of the domain sooner than the others. Fig-
ure 4 displays the KDEs for Fy and E3 at the times and
locations described above. Despite some peaks appear-
ing in the KDEs for the CERs, the general features are
still very similar to results from E;. The existence of
distinct magnetic canopy regions in all of the numerical
experiments is a robust feature. Note that we do not
calculate potential field extrapolations for Ey and E3 as
the proximity of the emerged field to the computational
boundaries will bias the results.

3.3. Canopy field strength

In the previous section, we demonstrated that mag-
netic canopies can exist for different values of field
strength and twist. The canopy structure is also found
in a potential field extrapolation using the photospheric
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boundary of F;. Although the existence of magnetic
canopies does not appear to be sensitive to the complex-
ity of the emerged field, the formation of penumbrae will
be affected. Rempel (2012) found that in order to pro-
duce extended penumbrae, the horizontal field (canopy)
has to have a field strength that is approximately twice
that of an equivalent potential field. In order to assess
the effects of current density and plasma coupling on
the canopy field strength, we shall present three cases
from E; at t = 190. The first case is the potential field
extrapolation discussed in the previous section. A po-
tential field is one with no current or coupling to the
background plasma and represents the extreme case of
field relaxation. The second case is the full MHD model,
where the magnetic field has a current density structure
and also supports dense plasma, carried upwards from
the photosphere during emergence. The third case rep-
resents a scenario somewhere between the first two cases.
In order produce a field that is twisted but does not sup-
port any dense plasma, we re-run F; with the modified
mass conservation equation,

/)Z—pV-u—p_—TpO. (14)

In equation (14) we have added a relaxation term to
drive the density to pg, its value at ¢ = 0. The rate
of relaxation is governed by 7. In this Letter, we set
7 = 0.5 throughout the domain. Doing so allows for
the density to relax rapidly to its initial condition on
a time scale much faster than that of the formation of
magnetic canopies. The result of running simulation E
with equation (14) rather than equation (1) is that the
emerged field supports no dense plasma carried upwards
from the photosphere. That is, draining is completely
efficient and the density profile in the atmosphere at
t =190 is the same as it was at ¢t = 0.

In order to compare the canopy field strengths for the
three cases listed above, we plot KDEs of ||BJ in an
OCR. For the first and third cases, the dimensions of
the OCR are as stated previously. For the third case,
the field expands more by ¢ = 190 compared with the
other cases and the limits in the y-direction are now
slightly modified to [—110, —29]. Figure 5 displays the
distributions of magnetic field strengths in an OCR for
each of the three cases. From Figure 5, the typical field
strength values of the potential case (yellow) are the
weakest out of the three cases. Its KDE decays before
IB]| = 0.1. The modified density case (orange) also has
a KDE that decays before |B| = 0.1 and is concen-
trated at weak field strengths. However, in the modified
density KDE, there is a greater probability of finding
higher field strengths of ||B|| &~ 0.05 compared to the
potential case. The full MHD case (blue) KDE has a
much larger spread in field strength values and extends



100 F
90 H
80
70
60
50

wfl

Probability Density

30*\
20 |

10 F

0 0.05 01 0.15 02
Bl
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to values much larger than the other cases.

The above KDEs profiles can be interpreted in terms
of the complexity of the emerged field. The potential
case has no current and does not support dense plasma.
It represents a minimum-energy solution and so has the
weakest field strength values. The modified density case
mangetic field has twist (non-zero current) but does not
support dense plasma. The twist in the field allows for
greater field strengths compared to the potential case.
Finally, the full MHD case has an emerged field that
is both twisted and supports dense plasma. The effect
of the dense plasma on the canopies is to compress the
field and produce stronger field strengths. The values
found in the full MHD case can be an order of magni-
tude greater than those in the potential case. Hence,
the combination of twist and plasma coupling in the
emerged field can produce field strengths required for
the formation of extended penumbrae (Rempel 2012).

4. DISCUSSION

In this Letter we have presented simulations of flux
emergence and have demonstrated, through visualiza-
tions and KDEs of the field inclination, that they pro-
duce near-horizontal magnetic canopies at the antipo-
dal curves of the footpoints. Several observational stud-
ies (e.g. Shimizu et al. 2012; Romano et al. 2013) sug-
gest that an overlying magnetic canopy is required to
produce penumbrae. We show that the existence of
such magnetic canopies is not sensitive to the com-
plexity of the emerged field. The field strength of
the canopies, which will influence the development of
penumbrae, does, however, depend on the complexity

of the emerged field. By considering three magnetic
field models - potential, twisted but not supporting
dense plasma, twisted and supporting dense plasma -
we demonstrate that the inclusion of twist and plasma
coupling can produce canopy field strengths greater than
double the equivalent potential values. This means that
current and plasma coupling in the emerged field can
produce canopies that can, in turn, lead to the forma-
tion of extended penumbrae (Rempel 2012).

Although the simulations we present here are highly
idealized and cannot produce the fine-scale structure
of sunspots, they have the advantage of being able to
isolate particular physical processes whilst still being
able to describe the large-scale features of flux emer-
gence. One simplification that was made was to con-
sider regions smaller than a typical active region. This
decision was made in order to adequately resolve the
photosphere/chromosphere region. It was shown that
increasing the field strength does not alter the forma-
tion of magnetic canopies. Indeed, the canopies grow
more rapidly due to the faster expansion of the stronger
emerging field (Murray et al. 2006).

We expect our results to survive the inclusion of extra
physics in the model. The inclusion of convection (e.g.
Rempel & Cheung 2014) will make emergence within
the CER more complex. However, if the field is strong
enough, convection should not prevent its expansion into
the atmosphere and, hence, the formation of canopies.

We also note here that our full MHD simulations can
over-estimate the amount of dense plasma carried into
the atmosphere (e.g. Arber et al. 2007). However, our
modified density model shows that canopies still form
even if draining is completely efficient.
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