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ABSTRACT

This article presents results that challenge the paradigms that (1) the convection zone is the source
of the radial magnetic field in the photosphere and (2) that coronal currents are neutralized from the
perspective of the photosphere. We demonstrate, using a new analysis tool applied to simulations
and observations, that bare or partially dressed current channels are supported by the solar corona
and that fingerprints of these coronal current systems can be detected in the photosphere. These
coronal current channels can be a significant source of the radial component of the magnetic field in
the photosphere. The roots of these coronal current channels in the photosphere are the source of
the magnetic field component parallel to the polarity inversion line in active region NOAA 12673.
These analyses and observations transform our theoretical understanding of coronal evolution and
argue for a reexamination of the present paradigm in which the convection zone is the sole source of
the photospheric magnetic field.

Keywords: Magnetic fields(994) — Solar magnetic fields(1503) — Solar photosphere(1518) — Magne-
tohydrodynamics(1964) — Solar coronal mass ejections(310)

1. INTRODUCTION

The sun constantly produces bare or partially dressed direct current channels, where in the latter case sheath currents
provide incomplete shielding for the direct current. The sun’s dipole magnetic field, which reverses approximately every
11 yr, and potential fields in the photosphere are manifestations of bare or partially dressed current systems in the
solar interior. In the former case the sun’s dipole magnetic field is inevitably carried by the solar wind to the edge of
the solar system and then beyond the heliopause by interstellar lows. While the interior of the sun regularly produces
bare currents on the scale of the heliosphere, a prevailing solar school of thought, based on arguments presented in
Parker (1996a,b), is that the corona cannot produce or maintain a bare current. Thus, all coronal currents must
be locally counterbalanced—direct currents must be perfectly sheathed on small scales and thus the corona cannot
maintain net currents on large scales. This position largely follows from a fibril property of coronal magnetic fields
that is assumed, and in some situations, observed to structure the solar atmosphere (Piddington 1978; Zwaan 1978;
Parker 1984; Zwaan 1985; Vishniac 1995). In particular, assuming a fibril coronal structure leads to the conclusion
that “Only the ‘microscopic’ internal structure of the individual fibril involves currents, and the longitudinal total
[current] for any individual separate fibril is zero” (Parker 1996b). A current system with a balanced direct and sheath
current (sometimes termed a return current) that produces no magnetic field beyond the outer edge of the sheath
current is termed neutral or neutralized. This paradigm of the solar magnetic field structured by perfectly isolated and
current balanced magnetic fibrils is in direct contradiction to the concept of a potential field in the corona. Strictly
speaking, an ideal potential field does not carry current, nor is it isolated—and its mere existence requires a bare or
partially dressed current system outside the region of interest. Indeed, the emergence of a potential active region (AR)
requires the emergence of a precursor bare sheath current system that initially shields the corona from the long range
potential field produced by the direct current in the convection zone. The counterbalancing contributions from both
the direct and sheath currents may indeed largely cancel beyond the edge of the sheath current, although certainly a
detailed cancelation cannot be perfect and high order magnetic multipoles must eventually radiate into the heliosphere.
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Figure 1. Schematic diagram of (left) kinematic and (right) dynamic formation of non-potential ARs. The left panel displays
a potential field P produced by a bare direct current J below the photosphere, which imposes a dipole structure indicated by
the negative (black) and positive (white) footpoints and the PIL in the photosphere (gold). Beyond the dashed line the ambient
corona is shielded from the potential field by a counterbalancing sheath current Js. Kinematic shearing of this potential field
results in the development of an arched direct (red) and sheath (cyan) current across the PIL in the plane of the diagram. The
right panel displays the dynamic emergence of counterbalancing direct J (red) and sheath Jg (cyan) currents. The neutralized
current system is also assumed to support some axial field, as indicated by the negative (black) and positive (white) footpoints
in the photosphere. The question marks in the left panel indicate that this type of scenario does not address how the currents
connect in the convection zone.

Consequently, the emergence of a potential field inevitably produces a bare sheath current in the corona and a bare
direct current in the convection zone that is ultimately the source of a potential field between the two current systems
in the corona. If one accepts the existence of a true potential field in the corona, then one must also accept that bare
or partially dressed direct and sheath currents exist and are indeed necessary for the emergence of a potential field.
Once the concept of isolated magnetic fibrils structuring the solar atmosphere is relaxed, the operative questions move
from the existence of bare currents to the scale and character of the magnetic fields produced by these current systems,
which is the subject of this article.

Another prevailing paradigm is that the convection zone is the origin of the radial magnetic field B, observed in
the photosphere. Indeed, this component of the photospheric field is often termed the emerged field (Schrijver &
Zwaan 2000; Hagenaar 2001; Cheung et al. 2008; Fan 2009; MacTaggart 2011; Otsuji et al. 2011; Toriumi et al. 2014;
Norton et al. 2017; Fan & Liu 2019) indicating that the photospheric field’s immutable source is philosophically in the
convection zone, not the chromosphere or corona. However, the radial field B, in the photosphere is partly produced by
chromospheric and coronal currents—this signature is unambiguously quantifiable and coherent in the photosphere and
unequivocally demonstrates that convection zone, chromospheric, and coronal currents are at best partially dressed.

Two idealized scenarios exist for the emergence of non-potential ARs (Cheung & Isobe 2014). In one scenario,
ARs emerge as potential fields, and then sheared arcades and flux ropes are produced by kinematic shearing and
flux canceling flows (McClymont & Fisher 1989; Klimchuk & Sturrock 1992; Aulanier et al. 2010). In the alternative
scenario, coronal structure dynamically emerges through the photosphere as twisted current-carrying magnetic flux
tubes—ARs are born non-potential (Kurokawa 1991; Tanaka 1991; Melrose 1995; Leka et al. 1996; Fan 2001). Of
course, in either case, the convection zone flows are ultimately the source of the current systems that energize the
coronal magnetic fields. Dalmasse et al. (2015) note that both of these paradigms should produce shielded coronal
current systems, e.g., twisted flux ropes carrying a direct current in their central core, which is embedded in a sheath
current that shields the ambient plasma (see, e.g., Figure 3 in Melrose 1991).

For example, the left panel of Figure 1 shows a schematic diagram of a potential field P = —V® produced by the
bare direct current J (colored red and out of the page) in the convection zone. Initially, the ambient corona must be
shielded from this potential field by a counterbalancing sheath current Jg (colored cyan and into the page beyond the
dashed arch). The potential field P between the bare current and the sheath current imposes a magnetic structure on
the photosphere (gold) as indicated by the negative (black) and positive (white) footpoints separated by the polarity
inversion line (PIL). This potential field P is kinematically locally twisted and sheared by flows in the photosphere
to produce a neutralized current system along the arch in the plane of the diagram that connects the negative and
positive polarities rooted in the photosphere. This scenario largely ignores the connectivity in the convection zone,
as symbolized by the question marks in the figure, and usually assumes that the sheath current at the edge of the
potential field has either dissipated or moved to such large distances as to be of negligible effect on the evolution of
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Figure 2. Schematic of a direct current (J, red) where the counterbalancing sheath currents (J s, cyan) become detached from
the direct current, such that the local corona, convection zone, and photosphere respond to the direct current as effectively a
bare current. The direct current channel is assumed to support some axial field, as indicated by the negative (black) and positive
(white) footpoints in the photosphere (gold). Question marks indicate that the sheath current connects in some unspecified
manner to the convection zone current.

the AR. Alternatively, a direct current J (red) may emerge dynamically through the photosphere in an idealized state
shielded by a counterbalancing sheath current Js (cyan), as shown in the right panel of Figure 1. Presumably this
current system also carries some axial flux, as indicated by the negative (black) and positive (white) footpoints in the
photosphere (gold). The sheath current is ideally assumed to perfectly shield the direct current, and thus the ambient
corona is insulated from the evolution of the emerged current system.

Regardless of the process for generating a non-potential but neutralized current system in the corona either by
kinematic flows in the photosphere or dynamic flux emergence from the convection zone, these systems are not required
to remain locally isolated in the corona because the system has emerged from a high 3 = 87 p/B? plasma in the
convection zone and photosphere into a low S plasma in the corona and thus the forces have changed from pressure
dominated (Vp) to Lorentz force dominated (J X B). Indeed, the sheath current may become detached from the direct
current in the corona, as shown schematically in Figure 2, and then these oppositely directed current systems will repel
each other until they reach a new equilibrium with each other and their surroundings resulting in distinct J and Jg
current channels. The redistribution of the currents in the corona can produce direct and sheath current systems that
are effectively bare on scales smaller than the flux system enclosing each of them even if they are counterbalancing on
larger scales of order the radius of the sun < Rg.

Nonetheless, the existence of bare current channels in the corona remains controversial (Melrose 1991, 1995; Parker
1996b; Melrose 1996, 2017). Two major challenges complicate the controversy. The first is the definition of a bare
current—a counterbalancing current may always exist beyond the local measurements available to the observer, i.e., the
sheath current shown in the left panel of Figure 1. One popular observational approach to attempt to discriminate be-
tween locally bare and locally balanced current systems is to measure the net integrated normal current in the polarities
of ARs. Statistical (Wheatland 2000; Kontogiannis et al. 2017; Fursyak et al. 2020) and event (Georgoulis et al. 2012;
Gosain et al. 2014; Liu et al. 2017) studies have largely concluded that some AR polarities support a net current and
others support counterbalancing currents. However, these studies have not changed the conventional picture of coronal
currents, perhaps because of the second major challenge in this controversy, namely, that determining the net current
over partitions of positive and negative magnetic polarities in the photosphere is fraught with observational challenges.
This approach (i) must determine the PIL accurately where the signal to noise in B, is significant, and (ii) involves the
differentiation of the noisy and/or corrupted! tangential components of B to compute the radial current J,. or involves
the integration of the noisy and/or corrupted tangential component of B around the noisy PIL via Stokes’ theorem.
Consequently, the inherent biases and uncertainties in vector magnetograms complicate unambiguously distinguishing
flux systems that support counterbalancing current systems from ones that support net currents. Nevertheless, recent
analysis of magnetohydrodynamic (MHD) simulations by To6rok et al. (2014) and Dalmasse et al. (2015) lend support
to observations of emerging ARs with polarities that carry a net current. Dalmasse et al. (2015) further demonstrated
that photospheric shearing can produce net currents in the solar corona. Another possible signature of a bare current
that is quantifiable with vector field measurements is illustrated in Figure 2: a bare current produces a net magnetic

1 The identification and repair of corrupted pixels will be discussed in § 4 and Appendix A.
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Figure 3. Schematic diagram of the magnetic field components from the CICCI calculation superimposed on illustrative current
systems. The left panel displays the balanced and perfectly shielded current system from the right panel of Figure 1 and the
right panel displays the partially dressed currents from Figure 2. The red arrows indicate the sources of By and By, and the
symbols Bt are placed on their sources, the radial currents J, passing through the photosphere.

field (into the page) between the roots of the current system in the photosphere. If the vertical dashed line between
the roots of the current system corresponds to a PIL, then this scenario directly and naturally produces a component
of a magnetic field parallel to the PIL. Regardless of the strict definition of the bare current, perfect shielding of the
photosphere from any detectable magnetic signature of convection zone, coronal, and chromospheric current systems
is implausible and thus the signature of these atmospheric currents should be detectable in the photosphere as these
systems will only be partially dressed even if they are not strictly bare. Indeed, this article demonstrates that the
magnetic fingerprints of these partially dressed currents do indeed exist and can be detected in the photosphere. Thus,
this article focuses on the origin of the components of the magnetic field in the photosphere.

This article is organized as follows: § 2 introduces the magnetic field decomposition B = B5 + By + Bt on a
sphere due to Gaufl (1839). This analysis of the photospheric magnetic field, termed Carl’s (Gauf}) Indirect Coronal
Current lmager (CICCl) imposes no preconceived assumptions regarding the current sources of the photospheric mag-
netic field and quantitatively determines the magnetic components produced by currents below the photosphere BF,
above the photosphere B7, and through the photosphere Bt. This decomposition of the photospheric magnetic
field into three unique components, one of which By may be unambiguously associated with current systems in the
corona, immediately raises paradigm shifting questions with universal impact across observation, theory, and modeling,
and space-weather forecasting. § 3 validates CICCI by leveraging the full 3D data cube produced by MHD simula-
tions to connect the magnetic signatures revealed by CICCI analysis of the simulation lower boundary (photosphere)
with material current systems within the simulation volume (corona). § 4 applies CICCI to Solar Dynamics Observa-
tory /Helioseismic and Magnetic Imager (SDO/HMI) observations of AR 12673 to reveal the current systems in the
chromosphere/corona. For the remainder of this article we use corona to generically refer to the solar atmosphere
above the photosphere, namely, the chromosphere, transition region, and corona.

2. CARL’S (GauB) INDIRECT CORONAL CURRENT IMAGER (CICCI)

The origin of the magnetic field B (x) is in nonlocal current sources J (') elsewhere in space (Biot & Savart 1820).
Therefore, an inherently nonlocal analysis is required to determine the origin of the magnetic field at a specific location
in space. The CICCI analysis combines the Helmholtz-Hodge decomposition of a vector field on a surface, the solenoidal
property of the magnetic field, and vector spherical harmonics with Gauf’s (1839) insight that the magnetic field on
a closed spherical surface S (r = Rg) such as the photosphere may be uniquely decomposed into three components:
B = B§ + Bg + Br. Here the subscripts “P” and “T” indicate the poloidal and toroidal components of the magnetic
field, respectively, and the superscripts “<” and “>” indicate the region of space containing the current system
that produces Bp: (i) By is the poloidal component produced by current sources J below the photosphere (in the
convection zone r < Rg) which is intrinsically potential above the photosphere (in the corona r > Ry); (ii) Bp
is the poloidal component produced by current sources J above the photosphere (in the corona r > Rg), which is
intrinsically potential below the photosphere (in the convection zone r < Rg); and (iii) B is the toroidal component
produced by currents passing through the photosphere r = R, where Bt -# =0. Figure 3 shows a schematic
diagram of the magnetic field components from the CICCI calculation and their relationship to current sources. The
left panel of Figure 3 displays the balanced and perfectly shielded current system from the right panel of Figure 1, and
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the right panel of Figure 3 displays the partially dressed currents from Figure 2. Using the CICCl decomposition, the
two paradigms of perfectly shielded and partially dressed current systems may be unambiguously distinguished with
vector magnetic field observations. Here, the red arrows indicate the sources of By and By, and the symbols B are
placed on their sources, the radial currents .J,. passing through the photosphere.

2.1. Mathematical Foundations of CICCI

The mathematical foundations of CICCl require the introduction of some basic vector calculus on a spherical surface
S (r). An arbitrary vector B may be written as a Helmholtz-Hodge decomposition in spherical geometry (7,4, )

(Backus 1986)
Bp (poloidal) B (toroidal)

B(x)=Q(r,9,¢) # +rVsS(r,d,0) + V X [FrT(r,0,¢)]. (1a)

Bs

For a solenoidal field this may also be expressed as the poloidal-toroidal decomposition (Chandrasekhar 1961)

B(x)=V xX{V X [frP(r,9,0)]} +V X [FrT (r,9,¢)], (1b)

Byp (poloidal) B (toroidal)

where Q, S, T, and P are the radial, spheroidal, toroidal, and poloidal scalar fields, respectively, and

~1 0 1 0
Vs=V-nn-V)=9-—+¢— — 2
s a (V) r619+90rsin198g0’ 2)
is the surface gradient operator, which is defined as tangent to the normal 1 = # of the spherical surface S (r). The
solenoidal property of the magnetic field (V - B = 0) implies that S and P are related by

S0, ¢) = - 2P 0O] Q

For a solenoidal field, such as the magnetic field, the first two terms in (1a) are the components of the poloidal field
Bp and the third term is the toroidal field Br. The poloidal-toroidal representation, (1a)-(1b), decomposes the surface
vector field Bs = B —n (n - B), i.e., the components of B that lie in the surface S (r), into two vectors with distinct
characteristics, as they are orthogonal fs(r) de d?¥ siny Bt - Bp=0. For a closed contour C that lies in a spherical
surface S (1), the poloidal field Bp is conservative and the toroidal field B is related to the radial displacement
¢ 1OE, /0t and material J, currents through the area A enclosed by C by Stokes’ theorem, with C € S, A € S, and C
enclosing A:

dl - Bp =0, (4a)

10E 4
dl-BT:/dSﬁ-VxB:/de-[a+7TJ] (4b)
c Ot c
A A

Q&e\ Q\e\

In the quasistatic limit 0E /0t =~ 0, the structures in Bt are direct indications of radial current systems J, through
the surface S (r) because (i) all field lines of the toroidal field Bt must close on S (r): #- Bty = 0 everywhere and
(ii) conversely, the field lines of Bp cannot close anywhere on S (r): #-V X Bp = 0 everywhere. Both of these clauses
together imply that if one can estimate Bt on S (Rg) there is no need to estimate J,. to unambiguously demonstrate
the presence of a radial current system passing through the photosphere at r = R, i.e., a toroidal field is a necessary
and sufficient condition for a radial current through S (Rg). The second clause implies that the poloidal field Bp is
produced by toroidal current systems

Jr=dm) " eV x [frViP(r,9, )], (5)

which are always tangent to spherical surfaces S (r). This tangential nature of the toroidal current system Jr is useful
for separating the poloidal magnetic field Bp into B; and B; .
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The poloidal-toroidal decomposition also provides formally simple differential relationships between the scalars Q,
S, and T and vector properties of particular interest to analysis in the surface S (r):

radial field =n-B=n-Bp =Q = —rViP = B,, (6a)
surface divergence =Vs-B = Vs - Bs + 25, =Vs-Bp=rVsS+ er = —6(;%, (6Db)
surface curl =R - VX B=n-Vs X Bs=n-Vgs XBT:—TV?ST:f- [iaéf—l-tﬂJ} , (6¢)
where OB
VS-B:V-B—ﬁ~8—n, (7)
is the surface divergence and )
V%zﬁa% (Sinﬁ;ﬁ) +T28i1n21988¢27 (8)

is the Laplace-Beltrami operator on a sphere. The surface divergence, Equation (6b), and surface curl, Equation (6c¢),
are also related to physical properties such as the radial variation of the radial field and the radial component of the
Ampére-Maxwell relation, respectively, where F is the electric field and J is the material current density. For a closed
spherical surface S (r) the relationships Equations (6a)-(6¢) uniquely determine the scalars S, T, P, and @ to within
meaningless constants through the Laplace-Beltrami equation (Poisson’s equation V%t = ¢ on a sphere).

2.2. Vector Spherical Harmonic Decomposition of Magnetic Fields

Gauf}’s (1839) insight may be illuminated by combining vector calculus on a sphere and the solenoidal property
of the magnetic field with (vector) spherical harmonics. The relationships provided by Equations (3) and (6a)-
-(6¢) may be solved in physical space x for @, S, T, P, and OP/0r given the vector magnetic fields prescribed on
a single spherical surface S (Rg). However, this approach (i) could amplify any noise in the magnetic field data
because it requires computation of the radial component of the current J, from Bs (perhaps by finite differences) and
(ii) does not produce a simple separation of poloidal fields into By and B3 produced by sources interior (r < R) and
exterior (r > R) to the spherical surface S (Rg). Alternatively, global spectral methods have attractive properties
for attribution of the magnetic field to sources: (i) this approach is explicitly nonlocal, the solution at any point @
depends not only on information at neighboring points, but on information from the entire surface S (r)—thus the
variables @, S, T, P, and 0P/Jr are connected nonlocally; (ii) this method converges exponentially fast and is more
accurate than finite-difference solutions when the solution is smooth. Spectral methods are frequently implemented to
perform potential field source surface extrapolations that are commonly used throughout the solar physics community
(Altschuler & Newkirk 1969; Schatten et al. 1969; Hoeksema 1984; Wang & Sheeley 1992).

To apply spectral methods to Equations (6a)-(6¢c) we seek a representation that diagonalizes the Laplace-Beltrami
operator, Equation (8), on a closed spherical surface S(r) of constant radius r which will reduce the differential
relationships in Equations (6a)-(6¢) to algebraic ones. This is provided by the scalar spherical harmonic transform
(SSHT) defined as

oo 14
f (w) - Z Z .ﬁ,m (T) Yl,m (197 90) ’ (9)

£=0 m=—1¢
where
2441 (0—m)! ., im
Yz,m (0, 0) = i m Py (cosd) e'™?, (10)
is the scalar spherical harmonic and Pj" is the associated Legendre function of degree ¢ and order m
(=" oym/2 A, ¢
P} (z) = 5T (1—2?) e (z*=1)". (11)

The scalar spherical harmonics are eigenfunctions of and thus diagonalize the Laplace-Beltrami operator (8) on a

closed spherical surface S (1)

L(0+1
V?S' YZ,m (ﬁa 90) = _% Yf,m (19? 50) . (12>
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The scalar spherical harmonics have the desirable properties of orthogonality

27 by
/d<p /dﬁ sin® Yy 0 (9,90) Yo (9,0) = 80 0 Ot s (13a)
0 0
and completeness
[eS) 4
DD Vim0 Yo (9,9) =6 (cos ' —cosd) 5(¢' — ), (13b)
=0 m=—4

on S (r) where d; ; is the Kronecker delta and 0 (x) is the Dirac delta distribution.
Expanding @, S, T, and P in scalar spherical harmonics? produces the vector spherical harmonic decomposition

) 4
B(@) =Y 3 @ (1) Yo (0:0) + S0 (1) Wy (9,90) = Ty (1) By (9,9)] (14a)
=1 m=—4
[eS) 4
T x 3 S AT X 1P (1) Yo (0:0)] 47T (1) Yoo (9,0)} (14b)
=1 m=—¢

where the second expression is manifestly divergence-free and éam(r), §é7m(r), ]Be,m(r) and fe’m(r) are the SSHT
coefficients of the radial, spheroidal, poloidal, and toroidal scalars, respectively. The basis vectors

Yé,m (19) 30) = Y@,m (197 90) /f;a ‘I,Z,m (197 90) =T VY@,m (197 90) ) and ¢Z,m (19’ QD) =T Xr VY@,m (19) 50) ’ (15)

are the vector spherical harmonics (Morse & Feshbach 1953; Barrera et al. 1985). The coefficients of the expansion
in Eq. (14a) at any spherical surface S (r) are given by the vector spherical harmonic transforms (VSHTSs) on that
surface

Qo (1) = [ VB (10,0 Y70 (0.0), (162)
~ 1 .

Sem 1) =7y [ QB (1 0.0) - Wi (0.9). (16)
Tom (1) =77 | 9B (10.0) - B (0.0). (16¢)

where B is the observed magnetic field, “x” denotes the complex conjugate and d) = dp di} sin} is the solid angle.
The determination of @, S, and particularly 7" via VSHTs does not require any differentiation of the spatial data
representing B (x) on S (r). These coefficients are determined directly from the vector properties of the magnetic field
in the photosphere.

The solenoidal property of the magnetic field (V - B = 0) also relates the (spectral) coefficients ée,m (r), g@,m (r)

and INDKM (r) in Equations (14a)-(14b) by

Qo 1) =" 1By )] (17
~ or P r
Spm (1) Z% % (17b)

2 We emphasize that the SSHT is applied to the scalars Q, S, T', and P, and not directly to the components of B. Applying the SSHT directly
on the individual vector components (B, By, By,) on S (r) might naively appear to be the best mathematical path forward to produce
simple algebraic or ordinary differential relationships between the magnetic field and vector field properties on S (r). Unfortunately, this
straightforward approach does not succeed at producing simple intuitive relationships between the coefficients Eﬁ ¢,m (r) and E«p £,m (1) of
Equation (9) applied to the components of Bgs and surface vector field properties, Equations (6b)-(6¢c) on a sphere S (1), e.g., Vs - B =
—0B,./0r. Note that spherical harmonics Ye’m are representations of the special orthogonal symmetry group SO(3) of rotations about the
origin. Scalars, such as f () in Equation (9), are physical quantities that are invariant under transformations to their vector space basis.
For example, under the rotation matrix R and its transpose RT = R~1 a scalar f () = g' (z) - h (), where h and g are ordinary vectors,
transforms as gt (x)-R~'-R-h (z) = gt (x)-h () = f (). Thus representing a scalar as a superposition of elements of spherical harmonics
of SO(3) reflects this rotational invariance. However, the components of vector fields are not invariant under SO(3). For example, the vector
B (x) under the rotation matrix R transforms as R - B (z) which is not equivalent to the original vector B (2). Thus, while describing the
components of a vector field by a superposition of spherical harmonics is possible (as they form a complete basis), this description does not
represent how vector fields transform under rotations (for an explicit example, see § 3 in Barrera et al. 1985).
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Superficially comparing Equations (3) and (17b), there appears to be no immediate advantage to the spectral repre-
sentation Equation (17b). Indeed, as noted above S, P, and 9 P/dr may be uniquely specified by vector magnetic field
data on S (Rg) and thus Equations (3) and (17b) appear to merely redundantly specify the radial derivative of the
poloidal function or its spectral components, i.e., aﬁf,m (r) /Or, and does not facilitate separating the poloidal field
into By and B3.

However, Gauf’s (1839) insight is that the poloidal magnetic field Bp could be uniquely decomposed into contri-
butions from toroidal current sources (Jr in Equation (5), which are tangential to spherical surfaces) interior and
exterior to the Earth’s surface (Glassmeier & Tsurutani 2014). Gauf realized that toroidal current sources in the ex-
terior would produce a potential poloidal magnetic field B; in the interior and toroidal current sources in the interior
would produce a potential poloidal By magnetic field in the exterior. For attribution of photospheric magnetic fields
to solar current systems, this physical insight for the poloidal field in the photosphere at S (Rs) becomes®

Py () = Ro [P, (r/Ro) + Py (Ro/r)™), (18)
where ]32<,m
e.g., in the convection zone), and ﬁ;m represents the potential field in the photosphere due to current sources above
the photosphere (r > Rg, e.g., in the corona). This insight, combined with the two relationships (17a) and (17b),
permits the poloidal coefficients ﬁfm and ISZm to be uniquely determined from the VSHT of the vector magnetic field
in § (Re) by substituting Equation (18) into Equations (17a) and (17b), producing

= Qun(Re)+(+1) S, (Ro)
Fom = (C+1) (20+41) : (192)

_éé,m (RQ) - ggé,m (RQ)

represents the potential field in the photosphere due to current sources below the photosphere (r < Rg),

Py, = 19b
&m 0(20+1) (19b)
The corresponding coefficients for reconstruction of the fields on the surface S (Rg) from Eq. (14a) are
Q. =t (L+1) PF,,. (20a)
Qm =t ((+1) P, (20D)
Sim =~ P}, (20c)
The intrinsic components of the magnetic field at » = Ry, are synthesized with inverse VSHTs as
9] 4
Bi(0,0) = > [(+1) Py Yy, (9,9) = 5, ¥, (0,0)), (21a)
{=1 m=—/4
) J4 ~ _
By (0.9) =) (€ (C+1) Pp, Yy, (0,0) + (C+1) Pp, ¥, (9,¢)], (21b)
l=1 m=—/4
S 4 _
BT (197 SO) = Z Z TZ,m (I)l,m (197 90) ) (21C)

where By is the poloidal field in the photosphere produced by current sources in the convection zone, By is the
poloidal field in the photosphere produced by current sources in the corona, and Bt is the toroidal field in the
photosphere produced by radial current through the photosphere. The field By is potential above the photosphere
r > Rg in the corona and By is potential below the photosphere r < R, in the convection zone. Equations (21a)-(21c)
reconstruct the magnetic field eractly in the photosphere, B = By + Bp + Bt with direct attribution to current

3 This expression, which is a solution to Laplace’s equation, describes the two potential components of the poloidal field B; and B; on
S (Rp) in the absence of a singular surface current in the photosphere. This expression does not model the current systems in the convection
zone or the corona, but can be used to extrapolate their respective potential fields in the conjugate domain (corona or convection zone,
respectively).
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sources above, below, and through the photosphere. For practical data analysis, the summation is truncated at some
lmax and Eqgs. (21a)-(21c) are exact only for band-limited signals.

For contrast, consider a traditional potential field extrapolation written in terms of CICCI coefficients with convergent
boundary conditions, P — 0 for r — oo (Altschuler & Newkirk 1969; Schatten et al. 1969; Hoeksema 1984; Wang &
Sheeley 1992)

o' YA
PW,o)=>" > [0(+1) (P +P7) Y0, (0,0) = C(PF,, +P7) %, (0,0, (22)
l

=1 m=—

where P is assumed to be solely produced by convection zone sources and thus exclusively determined by the radial
component of B in the photosphere S (Rg) through the spectral relationship for B, i.e., @Z,m =0 (L+1) (ﬁszrf’;m).
Comparing the potential field extrapolation with Equations (21a)-(21c), the most obvious difference is Equation (2,1C),
the missing toroidal field component Bt in the potential field extrapolation, Equation (22). However, the potential
extrapolation also misattributes the part of the radial component produced by sources in the corona (ﬁ?m) to sources
in the convection zone as the extrapolation is required to be convergent as r — co. A similar misattribution occurs
for the components of P in the photospheric surface, i.e., Ps = # X (P X #). In contrast, while CICC| is a modest
generalization of the spectral potential coronal field extrapolation, it provides quantitative attribution of magnetic
fields in the photosphere to current sources in the convection zone and corona.

The nonlocal VSHTSs for CICCI operate directly on the components of the magnetic field. This has two important
consequences. (i) The large scale topological properties of CICCl analyses should be robust to local artifacts in the
vector magnetograms. Consider the scenario of corrupted magnetic field measurements in a region A of the photosphere
bounded by the contour C containing a true radial current J,.. If the corrupted observations in A4 are localized away
from C then the CICCI toroidal magnetic field B will satisfy the Ampere relation for the true radial current J,. on C
despite the corrupted observations, i.e., fc B-dl = fc Br-dl =4mc? f A dS J, enclosed by C. The corrupted magnetic
field measurements in the interior of A do not affect fc B - dl because the circulation of B on C is unaffected by the
corrupted pixels inside A. Thus, CICCl provides a robust visual and the quantitative means to detect radial current
systems without differentiating B in x-space. Robust vortical features in By imply the presence of a net radial current.
(ii) The CICCI analysis does not require spatial differentiation of the magnetic field observations. Indeed, @ (Rg, 9, ¢)
is as smooth as B, and S (Rg,9,¢) and T (Rg,9, @) are substantially smoother than the tangential components of
the magnetic field because §€7m ~ (=2 and f&m ~ ¢=2, Thus, CICCI will redistribute noise amongst the components
Bg5, B, and Bt but will not increase the noise in the reconstructed field B. However, CICCl is susceptible to biases
caused by substantial changes in the disambiguation of the magnetic field.

The speed and accuracy of spherical harmonic transforms have significantly improved in recent decades (McEwen
& Wiaux 2011; Seljebotn 2012; Leistedt et al. 2013; Reinecke & Seljebotn 2013; Schaeffer 2013). Recently, a very
fast vector spherical harmonic transform library SHTns has been developed by Schaeffer (2013) (see https://nschaeff.
bitbucket.io/shtns/). These transforms are accurate to spherical harmonic degree ¢ = 16383 (at least), which is roughly
4 times the instrumental sampling of the HMI images. CICCI has been implemented in an object-oriented library in
Interactive Data Language (IDL) to call SHTns routines through a shared library of C-wrappers for analyzing data.

3. VALIDATION OF CICCI WITH MHD MODELING

MHD simulations are an essential tool for understanding solar observations, as they provide a comprehensive de-
scription of large scale plasma phenomena above the photosphere. CICCI provides indirect information about the
structure of atmospheric current systems, but direct attribution of photospheric fields to coronal currents is a key
step for validation and understanding the solar observations. To achieve this connection, a Cartesian version of CICCI
was used to analyze an MHD simulation described in Knizhnik et al. (2017) that was performed with the Adaptively
Refined MHD Solver (ARMS, Devore 1991; DeVore & Antiochos 2008).

The simulations in Knizhnik et al. (2017) implement flux preserving boundary conditions, sometimes colloquially
referred to as line-tied boundary conditions (e.g., Antiochos et al. 1999; Aulanier et al. 2005; Karpen et al. 2012),
on the surface between the guard cells and the interior of the ARMS simulation—this z = 0 surface is defined as the
magnetic boundary of ARMS. Boundary conditions are imposed at several different z locations within the simulation
to achieve flux conservation on the magnetic boundary z = 0 with the staggered mesh implemented by ARMS. For the
velocity, the simulation is driven at the cell centers (z = 1/2) which are just above the magnetic boundary. Homogenous


https://nschaeff.bitbucket.io/shtns/
https://nschaeff.bitbucket.io/shtns/

10 SCHUCK ET AL.

Neumann boundary conditions are applied to Bs (face centered) and v (cell centered) across the cells z = £1/2 that
share a face with the magnetic boundary, i.e. dBs/dz = 0 and Ov/dz = 0 at z = 0. These interleaved boundary
conditions preserve B, to numerical precision at the magnetic boundary z = 0 for boundary driven flows that are
restricted to regions where B, is a constant and Vg -vs = 0, where Vs -v =V - v — 9v,/0z in Cartesian geometry.

The normal component of the magnetic field B, through the magnetic boundary z = 0 is initialized with a cylindri-
cally symmetric sunspot in the coordinate system r = /22 4+ y? and 6 = arctan (z, y) where (z,y) = (0, 0) corresponds
to the center of the lower boundary. The sunspot is modeled by a circular positive polarity, B, (r) > 0 for r < a,
surrounded by an annulus of negative polarity, B, (r) < 0 for » > a where a is the radius of the PIL (see Knizhnik
et al. 2017, for a complete description of the simulation’s initial conditions). The magnetic field, defined by the normal
component of B at z = 0, is initially potential B = Py in the simulation volume. This is driven at z = 1/2 by 199
small-scale rotational vortices distributed across the positive polarity B, > 0 in the sunspot. The sign, 4, of the
vorticity for each vortex was assigned randomly, so that the net helicity injected into the sunspot is close to zero. The
initial distribution of B, is preserved exactly at the simulation magnetic boundary z = 0 by the driving at z = 1/2 in
a nearly uniform region interior to the PIL. The simulation data, stored on a staggered grid, is all interpolated to the
same horizonal locations in a single vertical z = 1/2 surface of the simulation denoted the “photosphere” below. The
vertical field B, is not perfectly preserved everywhere in this surface.

Deep into the evolution of this simulation, the fields and current systems in the MHD volume were examined and
the photosphere (z = 1/2) was analyzed with a Cartesian version of CICCIl. The results of this analysis are shown in
Figure 4. The top left panel shows the total normal magnetic field at the photosphere in grayscale and field lines (green
tubes) of the total magnetic field B integrated from the photosphere. The distribution of B, in the photosphere is
mostly unchanged by the vortical flows, and so B, total remains predominantly cylindrically symmetric. Nonetheless,
the green magnetic field lines in the simulation have been perturbed by the vortex driving and have gained some shear.

The right column of panels display the CICCl magnetic components Bt and B in the photosphere produced
by vertical currents through this surface and currents above this surface, respectively. In both right-hand panels,
the grayscale represents the normal magnetic component of the coronal sources Bg, for context and the tangential
magnetic components are shown as red (cyan) vectors over positive (negative) normal magnetic field, to enhance
visibility. The yellow contour represents the PIL corresponding to B, = n - (Blf + Bp ) and the blue contours
correspond to the PILs of just the By, component. Three immediate conclusions may be drawn from the CICCI
magnetograms in the right column. First, By (upper right) shows regions of magnetic vorticity corresponding to
vertical currents. In particular, the white arrow in the right top panel corresponds to a counterclockwise magnetic
vortex and the black arrow corresponds to a clockwise vortex. The structure of the toroidal field, B, reveals current
channels leaving (white arrow) and entering (black arrow) the “convection zone” outside the simulation through the
magnetic boundary. Second, Bf (lower right) shows numerous radially aligned PILs with the in-plane field in inverse
polarity configurations that diverge from negative and converge to positive polarity, consistent with the presence of a
few dozen current channels above these PILs with their axes aligned radially from the center of the sunspot. The path
of one such current channel follows the PIL of Bj,, from the white arrow to the black arrow, consistent with the inverse
polarity of the in-plane components of By along that segment of the PIL. Third, CICCI can provide information about
how the origin of B, on a surface has changed even when the value of B, has not changed on the surface! For example,
in this simulation the corona now contains a current system that produces By, in the photosphere, as indicated by the
grayscale images in the right columns. Because of these evolving simulation currents, the “convection zone” outside
the simulation must produce additional image currents to preserve B, = Bg, + Bp, on the magnetic boundary at
z = 0 (flux-conserving conditions). Whether the sun’s convection zone generates image currents in response to the
evolution of coronal currents is an open question. Regardless, many coronal MHD simulations impose flux-conserving
(sometimes called line tied) photospheric driving, which implies the generation of these image currents outside the
simulation (Miki¢ & Linker 1994; Kusano et al. 1995; Amari et al. 1996; Antiochos et al. 1999; Zuccarello et al. 2015;
Dahlin et al. 2019).

To provide context for these conclusions derived from the CICCl analysis, we examined the current systems in the
MHD simulation volume. While the total field lines (green) shown in the upper left panel do not directly exhibit
strong evidence for current channels, the absence of this evidence in the total magnetic field is not surprising. The
current channels that we infer from CICCI, i.e., B and B3, correspond to the magnetic components produced by just
the coronal currents in the simulation volume, which are superimposed upon the (much stronger) potential field above
the magnetic boundary produced mostly but not entirely by the convection zone currents, i.e., B5 a~ Py. The lower
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Figure 4. Analysis of fields in Knizhnik et al. (2017) MHD simulation (see text). Top left: B, in photosphere (grayscale) plus
B field lines. Top right: Br in photosphere superimposed on Bg,,. Bottom left: normal current in the photosphere (orange),
current field lines (blue, rooted in positive J. inside the PIL, and cyan, rooted in negative J. inside the PIL), and 6 B magnetic
field lines (gray). Bottom right: Bg in the photosphere.

left panel brings this, and the story, home. Here, selected gray field lines are computed by subtracting the original
potential field from the total field in the simulation § B = B — Py. For context, this visualization is combined with
the blue (cyan) current systems originating (terminating) in the sunspot and the normal component of current at the
photosphere in a white (positive)-orange-black (negative) color scale, which shows the honeycomb of vertical current
sources produced by the vortices driving evolution of the sunspot’s corona. The blue and cyan current systems can
be seen to connect positive photospheric normal current to negative normal current, and where field lines are plotted,
to lie along the core of the white twisted field lines of dB. As inferred from CICCI analysis, there is a bare current
channel, wrapped up in a twisted field line, connecting the white to the black arrows.

4. APPLICATION TO AR 12673
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The mathematical analyses and application to MHD data presented above demonstrates that CICCI provides direct
quantifiable attribution of vector magnetic fields to current systems above, below, and through the observed sur-
face S (Rg). This suggests that the application of CICCl to ARs can reveal important relationships and even suggest
coronal connections between current systems passing through the photosphere. To reveal the origin of the photospheric
magnetic field, a spherical version of CICCl was developed and applied to SDO/HMI vector magnetic field observations
of AR 12673. The results, presented below, are paradigm shifting. They suggest that bare or partially dressed currents
are directly detectable from photospheric observations and that a significant fraction of the radial magnetic field B,
in the photosphere is produced by coronal currents.

4.1. Preparation of the SDO/HMI Vector Magnetic Field Data

The SDO/HMI telescope pipeline produces full-Sun vector magnetic field observations at 1”7 resolution (sampling
0.5”) with a cadence of approximately 12 minutes. HMI measures Fe I A = 6173.343 A filtergrams at six wavelengths
and four polarizations (Hoeksema et al. 2014). The calibrated filtergrams are combined to form the four Stokes vectors
I, Q, U, and V at the six wavelengths, which are then processed by the Very Fast Inversion of the Stokes Vector
(VFISV) algorithm (Borrero et al. 2011; Centeno et al. 2014). The VFISV algorithm inverts the Stokes vectors based
on a Milne-Eddington (ME) solar atmosphere and produces 8-10 observables including the magnitude B, and azimuth
¥, and inclination v of the magnetic field relative to line-of-sight (LoS).

When the observed spectra do not meet the underlying assumptions of the ME thermodynamic model (e.g., strong
fields or extreme velocities, lack of gradients in the ME model, or asymmetries present in the Stokes profiles, see
Hoeksema et al. 2014), automated ME vector field inversions such as those produced by VFISV in the SDO/HMI pipeline
are known to fail. SDO/HMI ME inversions are further limited by HMI’s sparse spectral sampling with 24 observations
constraining 8-10 parameters. However, ME inversion failures are not unique to the SDO/HMI pipeline, and occur, as
well, in the MERLIN inversions (Lites et al. 2007) for Hinode/SOT-SP spectra,* though perhaps with less frequency than
for SDO/HMI due to the higher spatial and spectral resolution of Hinode/SOT-SP relative to SDO/HMI. Nonetheless,
the SDO/HMI data represent the highest resolution temporally synchronized spatially distributed observations of the
full disk photospheric vector magnetic field that are uncorrupted by the spatial distortions produced by atmospheric
seeing, and thus, in our judgment, the best overall data set for the first application of CICCl. Several failure modes
for SDO/HMI VFISV pipeline ME inversions have been described in Figures 13 and 14 of Hoeksema et al. (2014), and
these were used as a guide to develop the objective automated detection and repair algorithm for corrupted SDO/HMI
VFISV pipeline ME inversions, which is described in the Appendix A. This repair algorithm is applied to all SDO/HMI
images prior to analysis with CICCI, unless otherwise explicitly stated below.

In strong field regions, the 180° ambiguity in the azimuth (Harvey 1969) is resolved with the Minimum Energy (MEO)
code (Metcalf 1994; Leka et al. 2009; Hoeksema et al. 2014). For this study, the quiet sun fields are disambiguated with
the angle that is most consistent with a potential field P. This effectively minimizes the energy in the photospheric
magnetic field produced by coronal currents, but quiet sun fields are largely ignored in the subsequent analysis. After
disambiguation and repair of corrupted measurements, the vector fields in the LoS coordinate system may then be
transformed into spherical vectors B = (B,, By, By) in the photosphere S (Rg).

Presently, simultaneous measurements of the solar vector magnetic field are possible exclusively on the full disk, which
represents only half of the Sun—Tleaving the farside of the Sun unobserved. The tilt between the solar rotation axis and
the ecliptic plane produces an annual variation in the fraction of the poles observed by HMI. This annual variation,
characterized by the solar-b angle, complicates the VSHT in Stonyhurst coordinates (Thompson 2006) because the data
observed on the solar disk is generally discontinuous at different longitudes as a function of Stonyhurst latitude. For the
purposes of this analysis, the Sun is treated as periodic and the discontinuity in observations is mitigated by remapping
(interpolating) and transforming the vector magnetic field into the spherical-b coordinate system (B,, By, B,) with
¥ = 0° aligned with the normal to the ecliptic plane and (r, 4, ¢) = (Rg,90°,0°) corresponding to the center of the
observed solar disk. After the VSHT and decomposition to By, B, and B is accomplished, the resulting surface
vector components, e.g., (315197BI§¢)7 are rotated back into the traditional spherical-w spherical coordinate system
(Bpy, By, ¢), where 6 = 0° is aligned with the solar rotation axis. However, to avoid further remapping interpolations,
while the vector fields are transformed to the traditional spherical-w spherical coordinate, the data is left on the (¢, )
coordinates, but could be remapped to (6, ¢) or the native image pixel grid (¢, j) for further analysis. There are several

4 https://www2.hao.ucar.edu/csac/csac-data/sp-data-description
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Figure 5. The vector magnetic field and the three components of the CICCl decomposition Br, By, and Bf for HMI
observations of AR 12673 on 2017 September 05 at 11:58:42. The color scale in each panel, saturated at 1000 G, represents
the radial field B, (top left panel), By, (bottom left), or By, (right panels). The contours in each panel represent the PILs
of B, (yellow), By, (green), or Bf, (blue). The surface magnetic field vectors originating in negative (positive) polarities
are represented in cyan (red). Each of the surface vectors represents the average of 81 CICCIl estimates (pixels) or ~ 34 HMI
estimates (pixels). The vectors in the right-hand panels are enhanced by a factor of 2 relative to the left-hand panels, for
visualization purposes.

other non-periodic techniques to fill in the missing vector fields on the farside of the Sun and these will be investigated
in future work.

4.2. Application of CICCl to AR 12673

CICCI was applied to SDO/HMI observations of AR 12673, which emerged with multiple pairs of dipoles east of a
decaying remnant from ARs 12665 and 12670 on 29-Aug-2017 and produced 27 M-class flares and four X-class flares,
including the largest flare of Solar Cycle 24, during its disk passage from 2017 August-2017 September 10 (Sun &
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Norton 2017; Yang et al. 2017). For these first light results, the CICCl calculations were performed with ¢ = 8192 for a
sampling rate of Ap ~ 180°/¢ = 0.022° on a Gauss grid based on Gauss-Legendre quadrature. This grid over-samples
the HMI observations by approximately a factor of 1.4 at the disk center Ay = 0.030°, with increased oversampling
toward the solar limb where the spatial resolution of the observational data decreases due to the projection of the
LoS of each pixel onto the solar surface. The resampling factors for AR 12673, which is off disk center, are 1.7 along
the abscissa and 1.4 along the ordinate relative to the raw SDO/HMI images. The SDO/HMI vector field inversions
contained some corrupted measurements (inversion failures) that occur preferentially near the neutral line in AR 12673.
These were automatically detected and repaired by the algorithm described in the Appendix. Figure 5 shows the CICCI
vector magnetic field decomposition of AR 12673 from HMI observations on 2017 September 05 at 11:58:42, which
corresponds to a quiet time, following a period that produced 10 M-class flares in 24 hr, between an M3.8 flare ending
at 06:43 and an M2.3 flare beginning at 17:37, both produced by AR 12673 (see Table 1 in Yang et al. 2017). The color
scale in each panel, saturated at £1000 G, represents the radial field B, (top left panel), By, (bottom left), or By,
(right panels). The contours in each panel represent the PILs of B, (yellow), By, (green), or By, (blue). The top left
panel exhibits the total vector magnetic field B where surface magnetic field vectors originating in negative (positive)
polarities are represented in cyan (red) for visualization purposes. Each of the surface vectors represents the average of
81 CICCl estimates (pixels) or ~ 34 HMI estimates (pixels), i.e., between a 5 x 6 and 6 x 7 averaging and down-sampling
of the original HMI resolution. The top right panel shows the toroidal component Bt of the CICCI decomposition,
which satisfies B - # = 0, as surface vectors (the surface vectors in the right-hand panels are enhanced by a factor
of 2 relative to the left two panels, for visualization). The toroidal component B is produced by radial currents J,.
passing through the photosphere and thus Bt exhibits significant vorticity. The bottom left panel shows the CICCI
component B produced by convection zone currents. The green PILs, corresponding to Bg,, differ significantly from
the yellow PILs, corresponding to B;.. PILs are essentially how flux partitions are defined in the photosphere and these
differences complicate estimating the current balance in the PIL by the traditional methods discussed in § 1, as bare
or partially dressed coronal current systems inherently change the flux surfaces in the photosphere. The bottom right
panel shows the CICCl component B produced by coronal currents. The blue PILs shown here, corresponding to
By, again differ significantly from the yellow PILs, corresponding to B, = Bj, + Bg,.. Note that the surface vectors
diverge from negative polarities and converge at positive polarities. This signature is a familiar situation for certain
observations, termed inverse polarity PILs (see review by Gibson 2018) or bald patches (Titov et al. 1993). As the
source of the coronal field is presumably usually dominated by convection zone sources, such inverse polarity PILs are
rare for the full B, but when CICCl is used to isolate only coronal sources, they become the dominant signature in By .
While these inverse PILs can be found both for potential (Titov et al. 1993) and non-potential coronal field (Figure 5
lower right panel), CICCl is able to definitively distinguish between a bald patch produced by the convection zone and
the corona.

Figure 5 displays a clear example of CICCl’s capability to reveal the photospheric signature of current channels in the
convection zone and the corona. The lower left panel shows the field in the photosphere produced by the convection
zone. The extent of the flux distributions shown here is ~ 2° — 4° or 25-50 Mm which, as has been noted in other AR
studies (e.g., Toriumi et al. 2014; McClintock & Norton 2016), is roughly the scale of supergranulation ~ 30 Mm (e.g.,
Hirzberger et al. 2008). While a unique current system cannot be determined from surface measurements alone, the
photospheric vector field produced by the convection zone is consistent with a convection zone current channel directed
from north to south along the PIL between the white and black arrows. Figure 6 displays a schematic diagram of this
scenario. The left panel shows a side view of an idealized convection zone current system (red) below the photosphere
(gold). The partially dressed convection zone current system produces a potential coronal field P = —V® sheathed
by return current (cyan) above the dashed arch. The right panel shows the top down view of the corresponding
photospheric response in B,.. The sign of the radial flux in the right panel is represented by the black (negative) and
white (positive) color scale and dashed and solid contours, respectively.

The upper right panel of Figure 5 shows a pair of vortical magnetic field patterns in Bt indicated by the white arrow
(counterclockwise vortex) and the black arrow (clockwise). These two magnetic vortex structures are robust features
of AR 12673, occurring in every CICCl magnetogram that we have visually inspected (in particular 20 minutes before
and after 2017 September 05 at 11:58:42) and also occurring in CICCl analysis of the raw (unrepaired) SDO/HMI
pipeline inversions from 2017 September 05 at 11:58:42. Indeed, there were no substantial differences visually, or in
terms of the scientific inferences, between the CICCl analyses of the raw data and data repaired by the algorithm
described in the Appendix. This CICCI analysis reveals that a robust current channel is leaving the convection zone at
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Figure 6. Schematic diagram (left) of an idealized convection zone current system and (right) corresponding photospheric
response in Byr. The sign of the radial flux is represented by the black (negative) and white (positive) color scale and dashed
and solid contours respectively. Question marks in the left panel indicate that the sheath current connects in some unspecified
manner to the convection zone current.
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Figure 7. Schematic diagram (left) the convection zone current system and (right) corresponding photospheric response in B,
consistent with Figure 5. Here, the original convection zone current channel of Figure 6 has bifurcated to allow a channel of bare
current to emerge into the corona. This emerged bare current is assumed to also carry an axial magnetic flux, represented by the
black (negative) and white (positive) segments at the photosphere (gold). The coronal current channel (red arch) enters/leaves
the corona at the white/black arrows in Figure 5. Question marks in the left panel indicate that the sheath current connects in
some unspecified manner to the convection zone current.

the white arrow and one is entering the convection zone at the black arrow. The bottom right panel, corresponding to
the photospheric field produced by coronal current systems, indicates how the upward and downward current regions
are connected: By crosses the PIL connecting these two vortical regions in an inverse configuration, revealing that a
current channel runs southward = 2° or 24 Mm through the corona between these two regions. Thus, inspection of
Br together with Bf reveals a current channel arching through the corona. Figure 7 displays a schematic diagram of
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Figure 8. CICCl analysis for the evolution of AR 12673. Top: the unsigned radial flux for total field B (black) and that produced
by the convection zone By (blue) and the corona B (red). Bottom: area integrated energy density in the photosphere for
|B[*, |B5|*, [BE|* and |Br|*.

the current systems that are consistent with the PIL between the black and white arrows shown in Figure 5. The left
panel of Figure 7 shows a side view of a convection zone current that has bifurcated such that a portion of the current
system has emerged through the photosphere and into the corona. The right panel of Figure 7 shows a top down
view of the corresponding photospheric response in B,. The convection zone current sets the large scale structure
in B, (similar to Figure 6), but this structure is modified both symmetrically by the field produced by the coronal
current channel and asymmetrically by the axial flux that is assumed to be intrinsically part of the current channel,
denoted by the negative (black) and positive (white) footpoints in the photosphere (gold) in the left panel of Figure 7
(note that the azimuthal currents encircling the current channel that generate this axial flux are not shown here). The
combination of the convection zone current channel and the coronal current channel and its intrinsic axial magnetic
flux in the photosphere produce the key photospheric signatures of Figure 5, namely (i) a bipolar AR, (ii) a sigmoidal
S-shaped PIL (Acton et al. 1992; Rust & Kumar 1996; Canfield et al. 1999), (iii) a tangential field produced by the
convection zone pointing across the PIL from positive to negative polarity, (iv) tangential field produced by the corona
pointing across the PIL from negative to positive polarity and (v) the vertical current channels passing through the
photosphere combine to produce a strong component of the magnetic field along the PIL.

Further inspection of upper right panel of Figure 5 reveals that the strong toroidal magnetic fields (Br) are aligned
along this PIL, suggesting the presence of a coronal arcade with strong shear field or a coronal flux rope with strong
guide field paralleling both this PIL and this coronal current channel. The component of the magnetic field aligned
parallel to the PIL, colloquially, if ambiguously, named the magnetic shear, in AR 12673 occurs because the PIL
is interposed between two oppositely directed bare radial currents J, passing through the photosphere. These bare
currents provide a direct and intuitive explanation for the origin of the magnetic fields aligned along the PIL that does
not require appeals to a model such as helicity condensation (Antiochos 2013) for the accumulation of magnetic shear
at PILs. These insights gained from the inspection of Figure 5 demonstrate a significant benefit of the CICCl analysis:
this technique can unambiguously, robustly, and quantitatively reveal important structures where they are not readily
detectable from inspection of the full photospheric magnetic field.

To further demonstrate the power of CICCl analysis, consider the time evolution of AR 12673 exhibited in Fig. 8,
where flares greater than M-class are denoted by the vertical dashed lines (X-class flares are labeled). The top panel
shows the unsigned flux for the total magnetic field (B,, black), and that produced by the convection zone (Bg,,
blue) and the corona (Bp,, red). The bottom panel shows the area integrated energy density in the photosphere
for the fields. For both panels the observations are integrated over the high confidence observations (determined
by the segments hmi.b720s.conf_disambig > 90 and hmi.b720s.confid_map < 1), i.e., low confidence (quiet sun)
observations are ignored, within the area defined by the HMI Space Weather Active Region Patches (SHARPS) on
the Gauss grid used by CICCI. The entire data set in Figure 8 was processed twice; once with the raw SDO/HMI
Pipeline VFISV ME inversions and once where the corrupted pixels in the inversions were identified and repaired with
the algorithm described in the Appendix. There was no material difference between the CICCl analysis for the two
different processing strategies indicating that the scientific inferences and quantitative results derived from CICCI are
robust to a few clusters of corrupted pixels.
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Figure 9. Hinode/SOT-SP vector magnetogram corresponding to 2017 September 05 10:51:08-11:23:28. The color scale and
vectors are displayed in the same format as Figure 5.

Figure 8 exhibits new direct measures of the non-potentiality of the solar corona, all of which are rigorous mathemat-
ical and physical quantities that do not rely on any extrapolation assumptions. During the period of 2017 September
02-2017 September 03 the region consists of a potential coronal field with convection zone sources By, predominantly
providing the radial photospheric field B,.. As new flux begins to emerge on 2017 September 03, the character of the
AR becomes strongly non-potential, as indicated by the separation between B, and Bg, and the rise of the contribu-
tion from By, shown in the top panel. Figure 8 shows that AR 12673 emerges and develops coronal current systems
simultaneously, as indicated by the rise of the integrated energy density in B2 (green), which is produced by the radial
current J,., and By 2 (red) — these partially dressed current systems continue to develop long after the period of fast
emergence that ends at roughly 2017 September 04 00:00. Figures 8 conclusively demonstrates that some ARs emerge
concurrently with and support partially dressed current systems. Figures 5 and 8 quantitatively demonstrate that the
coronal currents contribute to both the radial and tangential magnetic field in the photosphere. Note that by 2017
September 08, as shown in Figure 8, roughly 40% of the unsigned radial field B, in the photosphere is produced by
the corona, in contradiction to the prevailing paradigm that the source of the “emerged” photospheric field is the
convection zone.

The evolution of AR 12673 is certainly extreme (Sun & Norton 2017). Thus, there can be legitimate concerns
regarding the application of CICCI to SDO/HMI full disk data, which exhibits the failed inversions that are identified
and repaired according to the algorithm described in the Appendix. To further address this, consider the AR 12673
observations by Hinode/SOT-SP (Tsuneta et al. 2008) which has higher spatial and spectral resolution in comparison
to SDO/HMI. Figure 9 shows the vector magnetic field resulting from the MERLIN inversion and MEQ disambiguation
of the Hinode/SOT-SP scan beginning on 2017 September 05 at 10:51:08 and ending at 11:23:28.% The full vector field
exhibits a structure remarkably similar to the SDO/HMI magnetogram in the upper right panel of Figure 5. Note
that the Hinode/SOT-SP data has not been remapped to ¥ and ¢ coordinates as in Figure 5. The Hinode/SOT-SP
vector magnetogram displays a coherent counterclockwise magnetic vortex centered at x = 160 and y = 160 and
a more subtle clockwise magnetic vortex x = 220 and y = 115. There are significant challenges to consider and
overcome in applying CICCI accurately to the limited field of view, higher resolution, and rasters of non-simultaneous
Hinode/SOT-SP scans and these will be developed in future publications. Nonetheless, the fact that the vector field
structures directly revealed by Bt with CICCl may be discerned in the Hinode/SOT-SP observations lends support to
CICCI’s application to SDO/HMI data and the robustness of the science inferences drawn from this analysis.

5 Level 2 Hinode/SOT-SP data, doi:10.5065/D6JH3J8D
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5. CONCLUSIONS

The CICCI technique combines 53 yr of spectral potential field (source surface) extrapolations in solar physics
(Altschuler & Newkirk 1969; Schatten et al. 1969; Hoeksema 1984; Wang & Sheeley 1992, see also Riley et al. (2006))
with Gauf’s 183 year old insight regarding the sources of the terrestrial magnetic field (Gaufl 1839). This analysis
when applied to the state-of-the-art solar vector magnetograms presented in this article transforms the understanding
of coronal evolution. This work has conclusively presented three paradigm shifting observations revealed by CICCI
analysis: (i) bare or partially dressed currents are supported by the solar corona and the fingerprints of these coronal
current systems are unambiguously detectable in the photosphere using vector magnetograms, (ii) coronal current
systems can be a significant source of the normal component of the magnetic field in the photosphere, and (iii) the
magnetic field parallel to the PIL in AR 12673 is produced by currents through the photosphere, as reflected in Bt
which is caused solely by the radial current system J,..

The operative question is no longer whether bare or partially dressed currents can exist in the solar atmosphere—they
do—but rather whether the integrated mutual and self-Lorentz forces of these current systems play an essential role
in solar eruptions by driving ideal instabilities (Chen 1989; Kliem & Torok 2006). The coronal forces on an idealized
direct current completely and symmetrically enclosed by a counterbalancing sheath current are substantially different
when the counterbalancing sheath current is detached and spatially separated from the direct current. Indeed, these
observations of bare and partially dressed current systems suggest that the hoop force may play a significant role in
the force balance of coronal current systems (Shafranov 1966).

In addition, the robust analyses enabled by CICCI promise to bring significant new insights into our understanding
of the solar atmosphere and sources of the solar wind, in particular, through CICCI’s ability to distinguish between
the radial photospheric magnetic field B, generated by convection zone currents, which is therefore potential in the
corona, and the photospheric B, generated by coronal currents. The radial photospheric magnetic field and its PILs
determine the coronal and heliospheric topology, namely, field line connectivity (Baum & Bratenahl 1980; Gorbachev
& Somov 1988), regions of open and closed magnetic fields, which represent the respective sources of the fast (Zirker
1977) and slow solar wind (Zurbuchen 2007), the number of null points (Gorbachev et al. 1988), quasi-separatrix layers
(Priest & Démoulin 1995; Demoulin et al. 1996), and ultimately structures in the heliospheric current sheet (Smith
2001; Antiochos et al. 2011). These analyses rely on the properties of the potential field (Schmidt 1964; Hagyard
& Teuber 1978) or potential field source surface (PFSS) models (Altschuler & Newkirk 1969; Schatten et al. 1969)
determined from the LoS field or B, in the photosphere. As noted in Eq. (22) of § 2, the potential field misattributes
coronal sources of B, to the convection zone and thus when the corona is a significant source of radial field, as
demonstrated by Figures 5 and 8, the assumption that the radial field is produced exclusively by the convection zone
almost certainly leads to substantial errors in coronal topology inferred by techniques such as PFSS. With CICCI
analyses, this misattribution can be unambiguously rectified.

Lastly, while the existence of potential ARs is an indisputable observational fact, the emergence and existence of
these ARs inherently require the emergence of return currents and the existence of bare or partially dressed direct
currents in the convection zone. Modeling the initial state of the corona as a potential field ignores the bare sheath
current that is required to emerge to allow that potential field to expand into the corona and abstracts and trivializes
the resulting direct current in the convection zone (see Figures 1, 2, 6, and 7).

A forthcoming paper will develop the concepts and mathematical analysis presented in this article in more detail,
including the development of Monte Carlo uncertainty estimates for the components of CICCl and investigating the
impact of different approaches for filling in the missing farside data.
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Table 1. Parameters used for
the objective identification of
corrupted pixels

0 1 2
X2 500 — 100
6B; [G] 1000 150 500
Ti — 5 5
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APPENDIX

A. THE OBJECTIVE IDENTIFICATION AND REPAIR OF CORRUPTED PIXELS

As noted in the main text, the SDO/HMI VFISV pipeline ME inversions are known to fail occasionally. These
failures sometimes manifest as individual and sometimes in clusters of corrupted pixels that exhibit values that are
substantially different from the surrounding pixels. Causes and examples of these failures are discussed and presented
in Figures 13-14 in Hoeksema et al. (2014). For individual vector magnetograms, visual examination of the data to
identify and tag corrupted pixels for the application of a repair algorithm may be appropriate (Anfinogentov et al.
2019). However, this approach is both subjective and labor intensive when the interest is in studying the long time
behavior of ARs. Presently there is not a standardized objective procedure beyond that implemented by the SDO/HMI
pipeline for identifying and repairing VFISV ME inversion failures. This appendix presents the first objective method
for identifying and repairing them. We expect future improvements can be made to enhance the accuracy of both the
identification and repair algorithms, the two key steps in the reconstruction of the corrupted data.

A.1. The Objective Identification of Corrupted Pizels

The first step in repairing SDO/HMI VFISV pipeline ME inversion failures is their objective identification. The
SDO/HMI hmi.b_720s series combines the VFISV ME inversions with the MEO disambiguation and provides a wealth
of diagnostic data. We have found the following segments the most useful for identifying bad pixels: chisq (x? of the
VFISV solution), field_err (uncertainty in B), confid_map (updated confidence index), conv_flag (flag and index
of VFISV convergence), conf_disambig (confidence of the disambiguation result), and inclination (see Tables 3, 4,
6, and 10 in Appendix A of Hoeksema et al. 2014). Using these criteria, a nominal set of corrupted pixels is determined
from

repair, = [(chisq > x3) V (field_err > §By) V (confid_map = 5) V (conv_flag # 0)] A (conf_disambig > 60),
(A1)
where the parameters are given in Table 1, A is the logical AND operator, and V is the logical OR operator. This criterion
tags both failures identified as part of the pipeline processing as well as extreme x? values and extreme errors in the
magnitude of the field B. In particular, the SDO/HMI pipeline tags bad pixels defined as aberrant compared with
adjacent pixels with confid_map = 5. The conf_disambig > 60 criterion restricts identification to just pixels that
are annealed as part of the full disk disambiguation (eliminating, in particular, a large fraction of pixels containing
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weak magnetic field and pixels off the solar disk). These pixels, identified by repair,, are then replaced by a quick and
dirty repair “Mean,” consisting of collecting the nearest neighbors (at least four) followed by dropping the high and
low value and taking the distance weighted mean of the remaining pixels.%

However, as Hoeksema et al. (2014) notes in section 7.2, while some corrupted pixels are easily identified by large
values of x?, the overall goodness of fit determined by VFISV, other corrupted pixels do not exhibit anomalously large
values of x2. Thus, a second iterative stage is added to the objective identification step to consider the properties of
the pixels surrounding a potentially corrupted pixel. Since the number of pixels in the neighborhood of this target
is small, the median is used in place of the traditional mean to calculate the local statistics robustly. First the local
median B = med (B, v), deviation §B = B — B, and local median of the squared deviation % = med (532,1/) of
the field magnitude are computed with a width of 5 pixels (v = 5) corresponding to 25 pixels surrounding the central
pixel. Two other inversion failure modes are then identified:

repair; = (6B/dp < —71) A (Jinclination — 90°| < 10°) A (field_err > 6By) A (conf_disambig > 60), (A2)
repair, = (6B/0p < —72) A (field_err > 0Bs) A (chisq > X3) A (conf_disambig > 60). (A3)

Both failure modes consider aberrant pixels that exhibit considerably weaker field than the neighboring uncorrupted
pixels (five standard deviations below the median value), noting that the previous stage has nominally repaired all of
the previously known corrupted pixels. The first failure mode is associated with inclinations very close to 90°, i.e.,
magnetic fields nearly tangent to the photosphere, and is less tolerant of errors in the field than repair,. Most of the
failures in the region of interest correspond to the range 0° < inclination —90° < 10°. Note that, in contrast, few of
the failures in this region of interest correspond to the range —10° < inclination—90° < 0°. The second failure mode
ignores the inclination of the field but is more tolerant of field errors than repair; and incorporates the x2. The criterion
for the failure mode repair; is very similar in structure to repairy, but involves exclusively the logical AND operator A
and incorporates information about the deviation of B from the median of the surrounding pixels. The pixels identified
by repair; and repair, are then also nominally repaired by the quick and dirty Means procedure described above and
this iterative stage is repeated until no more corrupted pixels are detected. Certainly these criteria can be refined in
future work, particularly for corrupted data in umbra with inclination & 0° or inclination & 180°, but we found
that these failure modes detected the vast majority of the visually obvious corrupted pixels during the disk passage of
AR 12673.

A.2. The Objective Repair of Corrupted Pizels

Once the corrupted pixels are identified, there are inevitable trade-offs to be made to accomplish the repair. Two
different techniques were investigated for repairing the corrupted pixels. The first technique replaced the observations
of the corrupted pixel with the average of its nearest uncorrupted neighbors using the quick and dirty approach
described above using a minimum of four (Mean,) and eight (Meang) nearest neighbor pixels (these repair algorithms
are very similar to that in Anfinogentov et al. 2019). The second technique applied a radial basis function fit (RBFF)
to the data to repair the corrupted pixels. Radial basis functions have been applied successfully to reconstruct missing
data in natural images (see, e.g., Hardy 1971, 1990; Uhlir & Skala 2005). RBFF has significant advantages over a
simple mean of the neighboring pixels: (i) RBFs have been shown to be a universal approximator and appropriate for
the design of neural networks (Park & Sandberg 1991); (ii) RBFs can predict values for missing data that are both
larger and smaller than the neighboring data.

The objective of the RBFF is to predict the value of a corrupted pixel at @, with a fit to a selection of Np neighboring
uncorrupted pixels with values g = go, ..., gnp—1 at Np scattered locations € = xo, ..., TN, —1. The fit minimizes the

weighted sum of the squares
Np—1

=) wi [G (=) - g, (A4)
i=0
where the function G () is represented by a sum of RBFs ® (|x|) defined as

Np—1

G@)= ) a;®(le—a), (A5)

=0

6 To add statistical robustness Michael Liu’s and Marshall Perrin’s suggestions of tossing out the high and low values before averaging with
inverse distance weighting were implemented (see https://www.stsci.edu/~mperrin/software/sources/fixpix.pro).
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Figure 10. Calibration of RBFF (left panel): Mean error (black, left axis), standard deviation (red, right axis), and root mean
squared error (blue, right axis) for Ng = 10,000, Np = 17 and fg = 0.33 as a function of the scale parameter § for B from
the VFISV pipeline ME inversion at 2017 September 6 05:58:42. The minimum of the mean squared error occurs at § = 4.3.
Right panel: validation of RBFF for 2017 September 05 at 23:58:42 with a scatter plot of reconstructed B vs. observed B for
Ng pixels tagged as corrupted to test the RBFF. The parameters used for validation and statistical results are inset in the plot
where C' and R are the Pearson and Spearman rank correlation coefficients respectively.

where Ng < Np and Ng = Np correspond to interpolation (see, e.g., Mongillo 2011). Once the coefficients «; are
determined by minimizing Equation (A4), the function G (z) may be used to forecast the corrupted value G ().
There are a variety of choices for the RBFs @ (|x|). In this study, the Hardy function, also called the multiquadric

RBF (Hardy 1971), was implemented,
O (r) = /12 + 62, (A6)

with inverse distance weighting w; = |z, — aci|_2. Alternatively, the experimental uncertainties Ag; of g; could be
used to weight the data. The parameter ¢ in Equation (AG) is a scale parameter that is chosen objectively from the
performance of the RBFF on the data (see, e.g., Mongillo 2011).

A.3. Calibration and Validation

The RBFF repair algorithm is calibrated by choosing the number of Np pixels, number of Np radial basis functions,
and ¢ scale parameter that performed the best for the SDO/HMI VFISV ME inversions (hmi.b_720 series) for 2017
September 06 at 05:58:42. The calibrated parameters are then applied to data from 2017 September 05 at 23:58:42
for validation. These different, later times from 2017 September 05 at 11:58:42 in Figure 5 were chosen for calibration
and validation to ensure that the repair parameters were not tuned to the time where the major scientific inferences
are being drawn. In particular, the data from 2017 September 06 at 05:58:42 exhibit more corrupted pixels than from
2017 September 05 at 11:58:42 because the evolution of AR 12673 becomes more extreme as the observation time
approaches the X-class flare on 2017 September 06 at 08:57.

A.3.1. Construction of the Calibration and Validation Distributions

Distinct ensembles of Ng = 10,000 pixels from the VFISV pipeline ME inversion that were classified as uncorrupted
by the identification criteria of Appendix A.1 were selected for calibration at 2017 September 06 05:58:42 and validation
at 2017 September 05 at 23:58:42. Since there are vastly more observations below than above 2,500 G, all uncorrupted
observations above 2,500 G were used in calibration and validation to provide some rudimentary data balancing, and
the remainder of the ensembles were randomly chosen uncorrupted pixels. These ensembles were further randomized
to eliminate any correlations in field strength. These ensembles of 10,000 uncorrupted pixels were then divided into
batches of 500 pixels that were then all temporarily tagged as corrupted and repaired to provide ground truth calibration
and validation statistics for the RBFF repair algorithm described in Appendix A.2.

A.3.2. Calibration

Accurate reconstruction is important not just for the repair of corrupted pixels but also for situations where the
detection algorithm may inappropriately tag a truly uncorrupted pixel as corrupted. While optimal reconstruction
performance is an important consideration, a competing desirable property is stability of the RBFF. There should
not be large changes in the statistical properties of reconstructed data for small changes in the optimized parameters
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Figure 11. SDO/HMI pipeline data (top row) and the corresponding repaired data (bottom row) for the field, inclination,
and azimuth segments of the VFISV ME inversions at 2017 September 05 at 23:58:42. The detected and repaired corrupted
pixels are outlined with red or black depending on the color scale.

(Mongillo 2011). Robust reconstruction was exhibited for Np > 17, Ng 2 fg Np ~ 6 with fg = 0.33, which
corresponds to a highly overdetermined (more data to fit than basis functions) linear least-squares fit to estimate the
a;’s. Figure 10 displays the performance of the RBFF for the VFISV pipeline ME inversion at 2017 September 06
05:58:42 for the Ng=10,000 pixels in the ensemble with Np = 17 and fg = 0.33. The left panel shows the mean error
or bias of the repair in black, the standard deviation in red, and the root mean squared error in blue (combining bias
and standard deviation). The optimal value of the scale parameter with Np = 17 and Ng = fg Np =~ 6 with fg = 0.33
corresponds to 6 = 4.3, but good performance can be achieved for § ~ 2 — 6.

A.3.3. Validation

To validate the RBFF, the optimized repair algorithm with Np = 17, Ng 2 fg Np = 6, and 0 = 4.3 was applied to
the validation ensemble of 10,000 pixels constructed in the same manner as described in § A.3.1 for the VFISV pipeline
ME inversion at 2017 September 05 at 23:58:42. The right panel of Figure 10 shows a scatter plot of the predicted
values of B versus the ground truth values in the ensemble. Overall, despite some scatter, the RBFF provides a tight

correlation with the ground truth and remains largely unbiased at large values of B. The magnetic field in the basis
of the CCD array (Sun 2013)

B¢ = — B sinvy sin, (ATa)
B, =B sin+y cos, (A7Dh)
B; =B cos, (A7c)

was constructed from the repaired pixels, where  is the inclination and 9 is the disambiguated azimuth. The RBFF
was compared to the mean square error using the quick and dirty approach of replacing the corrupted pixel with a
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Table 2. Validation of RBFF: A com-
parison of the root mean squared error
for the three repair algorithms Meanu,
Means, and RBFF for the magnetic
field B and the CCD basis components
(Bg¢, By, B¢) corresponding to the VFISV
pipeline ME inversion at 2017 September
05 at 23:58:42.

(MSE) [G]
Repair B B¢ B, B¢
Means 56.37 81.77 60.43 49.79

Meang  70.54 80.71 62.32 58.36
RadBF 44.51 7440 55.17 37.52

local mean as described above with Np = 4 and Np = 8, denoted Mean, and Meang, respectively. Table 2 displays
the performance of the three approaches on B and the components (Be, By, B¢). The RBFF consistently outperforms
mean squared error of the quick and dirty approaches Mean, and Meang.

Lastly, Figure 11 displays the SDO/HMI pipeline data (top row) and the repaired data (bottom row) for the field,
inclination, and azimuth segments. The corrupted pixels detected are outlined with red or black depending on the
color scale. The detection algorithm detects all the obvious aberrant pixels in the field magnitude and a few other
clusters. As an example of these other clusters, consider the three pixels at located at the abscissa=31 that do not
stand out as aberrant in the field magnitude. The conv_flag segment for these pixels is set to two indicating that the
“maximum number of iterations [was| reached without converging”, i.e., failure to converge for the ME inversion of
these pixels by VFISV (see Table 6 in Hoeksema et al. 2014). Thus, according to the criteria outlined in Appendix A.1
these pixels have been correctly detected and identified as corrupted. Visually, the repaired data overall appears
consistent with the larger scale spatial distribution of magnetic field, inclination, and azimuth.

The RBFF with Np = 17, Ng = 1/3 Np ~ 6, § = 4.3 was applied to all SDO/HMI data in this paper prior to CICCI
analysis except where explicitly stated. The scientific inferences drawn from the SDO/HMI data were identical with
and without the repair step, suggesting that CICCl analysis is robust to local artifacts in the data. Indeed, a comparison
of the downsampled vector fields of the CICCl analysis in Figure 3 and time-series in Figure 8 using corrupted and
repaired data were visually indistinguishable.
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