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ABSTRACT

Solar variability investigations that include its magnetic energy coupling are paramount to solving
many key solar/stellar physics problems. Particularly understanding the temporal variability of mag-
netic energy redistribution and heating processes. Using three years of observations from the Solar
Dynamics Observatory’s Atmospheric Imaging Assembly and Heliosemic Magnetic Imager, radiative
and magnetic fluxes were measured from coronal hole, quiet Sun, active regions (ARs), AR cores (i.e.,
inter moss), and at full-disk scales, respectively. Our feature radiative to photospheric magnetic en-
ergy coupling analyses supported a temperature dependence. We present mathematical descriptions
of magnetic energy coupling across broad temperature gradients, independent of feature for > 10 G
magnetic fluxes. Thus, providing an improved approach for describing magnetic energy redistribution
processes of the predominately closed field corona. A general solar atmospheric model is presented
that centers on an observationally derived self-similar central engine with possible extension to the
cooler atmospheric layers (log T ≤ 6.0) of open field structures. Finally, this work indicates stellar X-
ray observations can provide insight to currently limited and/or undetectable radiation distributions,
and holds potential for understanding their gross atmospheric feature classes thermodynamic profiles.

1. INTRODUCTION

The Sun’s atmosphere exists in two phases; one that is
magnetically confined near the solar surface and one that
consists of the extended atmosphere that interfaces with
and comprises the solar wind. The solar atmosphere, ob-
served on the disk and above the limb, can be divided
into three distinct regions: active regions (ARs); regions
of “quiet” Sun (QS); and coronal holes (CH), i.e., gross
feature classes. It has been established that the redis-
tribution of magnetic energy appears to dominate the
heating of the corona (e.g., Klimchuk 2015), but the
mechanisms responsible for and heights at which plasma
heating occurs remain outstanding puzzles.

Solar atmospheric heating of plasmas to coronal tem-
peratures (log T ≥ 6.0) is believed to result from the dis-
sipation of magnetic free (i.e., via reconnection events) or
wave energy, i.e., such energy conversion events lead to
bundles of nanoflare heated loop strands (Parker 1963).
However, emerging evidence is challenging the standard
coronal heating model, e.g., fast transition region (TR;
4.9≤ log T ≤ 6.0) upflows (Tripathi et al. 2012; Orange
et al. 2013), and strongly peaked active region core emis-
sion measure distributions (Warren et al. 2012).

Throughout the last few decades, extensive work has
been carried out on magnetically confined structures
(e.g., Aschwanden & Schrijver 2002; Spadaro et al. 2006;
Mackay et al. 2010; Orange et al. 2013; Chesny et al.
2013). These works, mainly in relation to the corona,
have greatly influenced and enhanced our understand-
ing of solar atmospheric heating (e.g., Aschwanden &
Nightingale 2005), and revealed that both steady-state
(e.g., Winebarger et al. 2011) and impulsive heating con-

tribute to their generation (e.g., Viall & Klimchuk 2012).
Basal heating at cooler atmospheric layers has been im-
plicated as the source and origin of the solar wind, respec-
tively (e.g., Cranmer 2012; McIntosh et al. 2013), which
emanates from open field magnetic structures (e.g., Li
et al. 2012). Though investigations have sought the exis-
tence of a self-similar magnetically open and closed field
heating mechanism (e.g., Lee & Magara 2014; Che &
Goldstein 2014), little support exists for such (Klimchuk
2014).

Key in pinning down a single dominant solar/stellar
atmospheric heating mechanism of closed magnetic field
structures is the linear relationship of coronal X-ray lu-
minosity to unsigned magnetic flux (Pevtsov et al. 2003).
These results are supported by evidence of self-organized
criticality (SOC; Bak et al. 1987), where heating events
result from non-linear processes over broad spatial scales
(e.g., Lu & Hamilton 1991; Oluseyi et al. 1999b). How-
ever, to date, an extension of this radiative to mag-
netic description across broad electromagnetic spectrum
regimes, i.e., visible, ultra-violet (UV), far UV (FUV),
extreme UV (EUV), etc., temperature regimes (i.e., pho-
tospheric through coronal), multiple epochs of solar ac-
tivity, and comparisons between large scale open and
closed magnetic field structures (i.e., CH versus QS, etc.)
remains unexplored.

Constraints on plausible heating mechanism(s) (e.g.,
Mandrini et al. 2000) can be ascertained from energetic
coupling investigations of radiative and magnetic flux
(e.g., Fludra & Ireland 2003). That is, observed intensi-
ties are dependent on thermodynamic distributions, sub-
sequently governed by heating rates (e.g., Fludra & Ire-
land 2003; Warren & Winebarger 2006). Importantly,
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the established magnetic field strength’s role in heating
models indicates much stands to be learned of heating
processes, and possibly variations thereof, via gross fea-
ture class comparison studies. Notably, under considera-
tion that large thermodynamic gradients (e.g., O’Dwyer
et al. 2010) and starkly differing magnetic field geome-
tries (e.g., Orange et al. 2015) should prevail between
these features.

ARs are composed of the hottest and densest plas-
mas (e.g., Del Zanna et al. 2015), across large temper-
ature gradients, and hence, are the most luminous in
the FUV, EUV, and soft X-ray. Of interest to ARs is
that the most highly energetic transient phenomena in
the solar atmosphere, e.g., flares (FL), predominantly
occur in their cores, i.e., “inter moss” regions, where
plasma of log T > 6.3 resides (Warren et al. 2010; Del
Zanna et al. 2015) and densities exceed ≈ 1014 cm−3

(O’Dwyer et al. 2010). Note, AR cores (ARCs) reflect
the region between the AR’s two opposing magnetic po-
larity footpoints. Consider, ARC observations favor sta-
ble high-temperature emission (e.g., Winebarger et al.
2011), i.e., plasma heating rates much larger than cool-
ing time-scales (Warren et al. 2012), while that of other
gross features, and cooler atmospheric layers commonly
indicate magnetically confined structures far from equi-
librium, i.e., that are characterized by narrow tempera-
ture distributions (e.g., Aschwanden & Nightingale 2005;
Warren et al. 2008). Thus, it is apparent that gross fea-
ture class comparisons, across large temperature gradi-
ents, including ARCs, are useful for deciphering the na-
ture of varying plasma heating rates.

In relation to the above presentation, the remainder
of this paper is organized as follows. Observational data
processing and analysis of gross solar atmospheric fea-
ture classes (i.e., CHs, QS, ARs, and ARCs), as well as at
full-disk (FD) scales are presented in Section 2. Within
Section 3 we present radiative versus magnetic energy
measurements (Section 3.1), their linear energetic cou-
pling descriptions, with and without feature dependence
(Section 3.2 and 3.3, respectively), and the compilation
of the previous results for the development of a theoret-
ical coronal heating model (Section 3.4). Discussion of
these results and our conclusions are provided in Sec-
tions 4 and 5, respectively.

2. OBSERVATIONS

Observational data was obtained from SDO’s Atmo-
spheric Imaging Assembly (AIA; Lemen et al. 2012) and
Heliosemic Magnetic Imager (HMI; Schou et al. 2012)
at approximately 3 – 5 day intervals from May 2010
through July 2013. AIA data consisted of the following
ten passbands: 94 Å, 131 Å, 171 Å, 193 Å, 211 Å, 304 Å,
335 Å, 1600 Å, 1700 Å, and 4500 Å, which image the Sun’s
full disk approximately every 12 s, with the exception of
4500 Å which observes at a typical cadence of ≈ 30 min.
These bands observe solar plasma from photospheric to
coronal temperatures with a spatial resolution of ≈ 0.6
arcsec pixel−1. The HMI data are images of the full disk
line-of-sight (LOS) magnetic field with a cadence of 45 s,
and spatial resolution of ≈ 0.5 arcsec pixel−1. AIA and
HMI passband images were pre-processed using standard
Solar SoftWare (SSW), with the pointing corrections of
Orange et al. (2014a). Rotation effects between pass-

bands were negligible by using observational time dif-
ferences below AIA’s thermal jitter motion (≈ 0.′′3; As-
chwanden et al. 2011; Lemen et al. 2012; Orange et al.
2014a).

AIA 193 Å images, per observational date, were used
to select two CH, QS, ARs and ARCs (e.g., Figure 1).
For each selected feature all AIA passband and HMI LOS
magnetogram data were aggregated, and the typical ra-
diative and unsigned magnetic fluxes measured, respec-
tively. Errors were propagated using a summation of
photon counting statistics, and the standard error on
the mean. We note here our investigations of solar at-
mospheric thermal to magnetic energy coupling are car-
ried out via the common approximation that energy flux
is proportional to “data numbers” (DNs; e.g., Wolfson
et al. 2000; Benevolenskaya et al. 2002), i.e., AIA data
are not calibrated to physical units.

For each observational date the typical solar disk ra-
diative and unsigned magnetic fluxes were also charac-
terized, again with errors propagated as described previ-
ously. Note, solar disk radiative and magnetic flux mea-
surements were derived from a region comprising ≈ 95%
of the visible disk (i.e., see Figure 1), and hereafter are
referred to as our FD feature. Additionally we point out,
prior to FD magnetic field characterizations, sunspot re-
gions were masked (i.e., only fluxes . |105|G were con-
sidered) to minimize downward biasing effects.

3. ANALYSIS & RESULTS

3.1. Radiative Versus Magnetic Energy

In Figure 2 we provide plots of radiative (covering all
AIA passbands, with exception of 4500 Å) versus mag-
netic fluxes (from HMI observations) with respect to our
feature set.

Directly comparing Figure 2’s upper coronal results
(i.e., 94 Å) to Figure 5b of Benevolenskaya et al. (2002)
reveals distinctive similarities. Particularly, that our re-
sults align with the suggestions of Benevolenskaya et al.
(2002) and Fludra & Ireland (2003) for two differing de-
pendencies of radiative energy versus that of the un-
derlying magnetic field. However, as one progresses to
cooler atmospheric layers, i.e., the TR to the chromo-
sphere (171 Å and 304 Å, respectively), our results are
reminiscent of the notion of a linear linking of the hot
corona to magnetic fields (i.e., Pevtsov et al. 2003).

Though not shown, 4500 Å radiative to magnetic field
comparisons provide no evidence of a thermal to mag-
netic coupling. That is little to negligible variations in
its radiative energy occurs for increasing magnetic field
strengths, independent of feature. Results consistent
with the expected high β (i.e., ratio of gas to magnetic
pressure) conditions that should dominate here.

The results shown in Figure 2 reveal as a function of
our analyzed features and for solar atmospheric tem-
peratures of log T < 4.8 (i.e., 1700 Å and 1600 Å plots
therein), minimal radiative energy distinctions exist.
However, there is a slight “knee,” at approximately
logB∼ 1.0 where a blending of the radiative energies ob-
served in CH, QS, AR, ARC (to a lesser degree), and
FD occurs. We point out that such results are expected
again considering the β& 1 conditions that should pre-
vail here (Abbett 2007). In contrast, the ARC results
of these regimes are trending towards a possible linear
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Figure 1. From left to right and top to bottom, respectively, HMI LOS magnetogram, and AIA 1600 Å, 304 Å, 131 Å, 171 Å, 193 Å, 211 Å,
335 Å, and 94 Å radiative images, respectively, observed 30 June 2010. Note, on HMI the circle (blue) indicates the region representing
95% of the solar disk utilized to study the full disk feature reported on herein, while on each AIA radiative image examples of each of the
other gross feature classes analyzed herein have been identified.

thermal to magnetic energy relationship (e.g., Pevtsov
et al. 2003). Thus, relative to other gross features en-
hanced ARC photospheric magnetic energies could be
leading to frozen-in-flux conditions (i.e., β < 1) at cooler
atmospheric layers/heights.

In the chromosphere, i.e., 304 Å, results are consistent
with the expectations of a linear radiative to magnetic
energy trend, and shows it scales across the gross fea-
ture classes. These results reveal an emerging distinction
between observed radiances of CH and QS conditions,
which correlate with similar strengths in their underly-
ing magnetic field energies. Note the knee identified in
cooler passbands remains distinctly discernable in chro-
mospheric emission.

In passbands dominated by emission from upper TR
temperatures (i.e., 131 Å and 171 Å passbands), with
the possibility of lower and/or upper coronal contribu-
tions (i.e., 131 Å; O’Dwyer et al. 2010; Del Zanna et al.
2011; Schmelz et al. 2013; Boerner et al. 2014), the knee
structure of cooler atmospheric layers has “smoothed”

out. However TR radiative versus magnetic energy dis-
tributions give rise to signatures of an ankle and knee.
The ankle corresponding to CH conditions is distributed
downward to lower radiative energies than other studied
feature classes. This observation is consistent with sug-
gestions of Pevtsov et al. (2003) for regions dominated
by single polarity magnetic fluxes. The knee, emerging
where a portion of ARC observations have “migrated” to
higher energies, compared to their AR counterparts.

In the middle corona, described here by AIA’s 193 Å
and 211 Å passbands (6.2. log T . 6.3; Figure 2), results
are generally similar to those of the TR. The only distinc-
tion of coronal to TR observations exists in a comparison
of their CH and QS radiative energy distributions. Both
are characterized by decreased radiative energy distribu-
tions relative to other analyzed features. The “upper
TR – coronal” ARC knee suggest the possibility of heat-
ing not direct attributable to the magnetic field. This
idea algins with recent challenges to the standard coronal
heating model interpretation (Parker 1983), particularly,
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Figure 2. Radiative fluxes (arbitrary units) versus unsigned magnetic flux (arbitrary units) for the 1700 Å, 1600 Å, 304 Å, 131 Å, 171 Å,
193 Å, 211 Å, 335 Å, and 94 Å passbands, from left to right and top to bottom, respectively. On each plot CH, QS, AR, ARC, and FD
regions are denoted by squares (purple), asterisks (red), x’s (black), pluses (blue), and triangles (orange), respectively.

observations of inversely proportional emission measure
(EM) to underlying field strengths of ARCs (Warren
et al. 2012), as well as the absence of non-thermal ve-
locity to temperature trends (Brooks & Warren 2015).

At hotter coronal temperatures, i.e., those of 335 Å
and 94 Å observations, similar characteristics prevail to
that of the middle corona, and to a lesser degree the
TR. In opposition to cooler regions, however, at upper
coronal regimes the ARC knee appears smoother. As
such a distinct linear relation of QS, FD-R, AR, and
ARC features, listed in accordance with increasing mag-
netic field strengths of the respective distributions, is wit-
nessed. We emphasize, these results, and the previously
described upper TR – coronal ARC trend, further elevate
arguments for the existence of unresolved coronal emis-
sion (e.g., Del Zanna & Mason 2003; Viall & Klimchuk
2012).

3.2. Magnetic Energy Redistribution

In this section linear coupling of magnetic (B) to radia-
tive (F ) energies, with gross feature class and AIA pass-
band dependence, is investigated by utilizing the typical

approach, e.g., Golub et al. (1980); Hara (1996); Fisher
et al. (1998); Roald et al. (2000); Wolfson et al. (2000);
Schrijver (2001); Benevolenskaya et al. (2002); Pevtsov
et al. (2003). To that effect, we emphasize, this section
serves to provide feature-by-feature comparative discus-
sions of this work to those mined from existing literature.

Per feature, x, i.e., x ∈ {CH,QS,FD,AR,ARC}, and
AIA passband, λ, the following linear equation

Fx,λ ∝ Bpx,λ , (1)

was fitted to our data to obtain the energetic magnetic
to radiative coupling descriptions, i.e., px,λ. Prior to dis-
cussing our techniques for estimating px,λ, we note the

4500 Å observations have been dropped from this analy-
sis, consistent with the report in § 3.1.

Equation 1 coefficients were derived similarly to the
methods of Pevtsov et al. (2003). First, a linear least-
squares regression fit, carried out via the well-known MP-
FIT (Markwardt 2009) minimization algorithm, was ap-
plied as function of x and λ to our observational data set.
Additionally, 〈px,λ〉’s were computed as the average value
from the ensemble data sets, with uncertainties prop-
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Table 1
Per feature (x) studied in this work, we present power-law indices derived from: all AIA passbands, 〈px〉; AIA’s 94 Å passband, 〈p

94Å,x
〉;

literature mining, plx; and the subsequent literature reported range (i.e., Min/Max). Note, reported power-law indices have been derived
from fits of Equation 1, and are immediately followed by their 1σ deviations.

Feature (x) 〈px〉 〈p
94Å,x

〉 plx pl – Min/Max Range

CH 2.40± 0.28 1.96± 0.02 2.06± 0.07†1

QS 1.86± 1.18 1.64± 0.08 1.74± 0.21†2 0.93/2.03

AR 1.70± 0.36 1.15± 0.07 1.43± 0.40†3 0.98/2.30

ARC 1.84± 0.26 1.47± 0.05 — —

FD 2.15± 0.48 1.54± 0.04 1.73± 0.19†4 1.47/2.10

†1Pevtsov et al. (2003)
†2Roald et al. (2000); Benevolenskaya et al. (2002); Pevtsov et al. (2003)
†3Fisher et al. (1998); Pevtsov et al. (2003); Fludra & Ireland (2003); Warren & Winebarger (2006); Warren et al. (2012)
†4Wolfson et al. (2000); Pevtsov et al. (2003)

agated from one sigma variances. Subsequently, 〈px〉’s
were derived from various samples of passband combina-
tions, i.e., consistent with the boot-strap method (Press
et al. 2002), employed on a similar data set by Pevtsov
et al. (2003), with errors propagated as one sigma devi-
ations of the various sub-samples.

Negligible 〈px,λ〉 and 〈px〉 variations were observed be-
tween the two analytic approaches; these results are con-
sistent with previous reports (e.g., Pevtsov et al. 2003).
Moreover, as discussed below, independent of analysis
technique, our x and λ dependent coefficients are con-
sistent with expectations, i.e., all literature mined re-
sults. We further wish to emphasize, previous works
(e.g., Pevtsov et al. 2003; Warren & Winebarger 2006)
have highlighted the importance of two-side significance
from zero measurements as a determination of the fit
qualities over that of the χ2 distribution, in radiative
to magnetic energy coupling investigations. Deviations
from zero of measured two-sided significance between ra-
diative and magnetic fluxes from Spearmans rank cor-
relation coefficients for all our power-law indices were
statistically significant (i.e., s≈ 0).

Table 1 gives our coefficients, as well as their literature
mined counterparts, plx, and range (i.e., plx,min / plx,max).
Significant variations of p exist between the subsets, x,
as expected, i.e., similar trends exist for pl subsets. It
is recognized our 〈px〉 uncertainties largely reflect statis-
tical properties. However, we point out, as they were
derived via subset sampling with varying λ dependen-
cies, they also include nonstatistical weighting. Mainly
uncertainties associated with varying physical conditions
of the solar atmosphere. Nonetheless, it is emphasized,
they remain far from being exhaustive, as they are not
representative of systematic or selection uncertainties.

In contrast to typical literature, our work embodies
〈px〉 results derived from large solar atmospheric temper-
ature gradients, i.e., λ dependence. Considering the wide
literature range reported for various plx’s, and noting no
〈px〉 results, including errors, reported here are grossly
disproportionate to expectations, we speculate the possi-
bility of a temperature dependence. Note, our coefficient
and reported uncertainties, the latter of which are signif-
icantly larger than typical works (e.g., Fisher et al. 1998;
Wolfson et al. 2000; Benevolenskaya et al. 2002; Fludra &

Ireland 2003; Warren & Winebarger 2006; Warren et al.
2012), are remarkably consistent with the preal data set
of Pevtsov et al. (2003). Of distinct interest then, said
data set of Pevtsov et al. (2003) was estimated via ob-
ject averaging of power-law indices under varying physi-
cal constraints, in order to provide more realistic errors.
Therefore, we feel our results are reasonable approxima-
tions to feature coefficients and error estimates, mainly in
terms of works executing the typical literature approach
as presented here. More importantly, in § 3.3 we address
our speculations for a possible temperature dependence
embedded within this common linear radiative to mag-
netic coupling description (i.e., Equation 1).

In terms of the above suggested temperature modula-
tions of power-law indices, we have additionally included
94 Å results in Table 1, where its errors reflect one sigma
deviations. This passband was chosen given that its pre-
dominant upper coronal origin explicitly correlates with
the temperature regime most detailed by existing works.
Note, its subset consistencies to literature support ar-
guments for cool and hot emission contamination of said
passband as a specific function of gross solar atmospheric
feature classes (e.g., O’Dwyer et al. 2010). More impor-
tantly, however, it emphasizes consistencies between our
work and literature for similarly analyzed electromag-
netic spectrum regimes. Similarly, direct comparisons of
feature to 94 Å to literature mined coefficients further
supports our previous arguments of a possible tempera-
ture dependence in radiative to magnetic energy coupling
assessments.

3.3. Magnetic Energy Redistribution – Revisited

In this section we carry out an extension study of the
work of Pevtsov et al. (2003) that investigates the pos-
sible extrapolation of their “universal” X-ray luminosity
to unsigned magnetic flux (i.e., Equation 1) to other elec-
tromagnetic spectrum regimes of the solar atmosphere.
Therefore, it also serves to provide more accurate charac-
terizations of power-law indices as a function of λ, which
more explicitly explores the previously suggested solar
atmospheric temperature dependencies.

We wish to point out, in line with our previous re-
sults the work performed herein avoids 4500 Å observa-
tions. Additionally, it will be carried out by “mixing” our



6 Orange et al.

feature observations, and using a lower limit magnetic
energy cutoff of 10 G. We further expound upon these
analytic criteria as follows. First, the 10 G magnetic en-
ergy cutoff reduces undesired mathematical applications
to our data, i.e., largely avoids varying constraint diag-
nostics on clustered data subsets. It also aids in reducing
nonstatistical effects from instrumental noise, i.e., avoids
influences from LOS magnetic fluxes typical of the noise
level (≈ 10 G; A. Sterling 2015; private communication).
Note, as observed in Figure 2 below this magnetic, and
subsequent radiative, boundary our data is a truncation
of a hypothetically complete sample. Therefore, theo-
retically enforcing this lower limit criteria acts to reduce
our mixed observations to a more hypothetically com-
plete sample with a minimized truncation bias. It is em-
phasized, upper limit energetic stipulations have been
avoided, given previous works (e.g., Schrijver et al. 1989;
Pevtsov et al. 2003) that have established the validity of
linear magnetic energy coupling to other distant stellar
sources, i.e., more radiatively and magnetically energetic.

In light of our previous speculations for a possible de-
pendence of radiative to magnetic flux distribution de-
scriptions with chromospheric through coronal plasmas,
we have chosen a modified form of Equation 1, as follows,

Fλ ∝ aλBpλ , |B| > 10 G (2)

which includes the additional free parameter, aλ. Thus,
Equation 2 includes a temperature dependent energetic
“scaling” description. We emphasize, in this section we
only characterize coefficients as a function of λ, consis-
tent with our criteria of using a mixed sample data set.

Equation 2 coefficients were derived similarly to the
prescriptions of § 3.2, e.g., using a linear least-squares
regression fit applied as function of λ. In line with previ-
ous arguments we additionally employed methodologies
for ascertaining more realistic uncertainties in our aλ and
pλ coefficients. Specifically, we defined 〈aλ〉 and 〈pλ〉 as
averages over fits to varying physical constraints of our
mixed observational sample. In summary, these coeffi-
cients reflect fit applications from inducing various: ra-
diative flux modulations (i.e., ≤± 15 %), degrees of trun-
cation to upper and lower energetic distributions, and
random sub-samples of our mixed data set. In that re-
spect, our reported coefficients and errors include weight-
ing from statistical and nonstatistical properties. In par-
ticular, nonstatistical effects related to instrument sensi-
tivity, varying physical plasma conditions, and selection
biases. We also wish to note here, consistent with our
coefficients in § 3.2, deviations from zero of two-sided
significance for all varying sub-samples were statistically
significant (i.e., s≈ 0).

In Figure 3 the fits of Equation 2 to our data, i.e., 〈aλ〉
and 〈pλ〉 per AIA passband, compared to our observed
mixed feature radiative and magnetic flux distributions is
presented. Note, additionally in this figure, mixed sam-
ple features not weighted in our model outcomes have
been identified, i.e., those < 10 G are accompanied by a
unfilled symbol. As observed the fits are consistent with
expectations (notions which have previously been con-
fined to upper coronal temperature regimes, to the best
of our knowledge). That is, across broad solar atmo-
spheric spatial ranges radiative fluxes linearly scale with
those of the underlying magnetic field.

Figure 4 provides our 〈aλ〉 and 〈pλ〉 results versus tem-

perature. For direct comparison of our 〈pλ〉 results to
existing literature, we again smoothed over various pass-
band samples, detailed as follows. First, an upper coro-
nal result of 〈pλ〉= 1.21± 0.08 (i.e., derived from the 94 Å
and 335 Å passbands), is consistent Fisher et al. (1998),
i.e., p= 1.19± 0.04, for ARs, and the universal data de-
scription of Pevtsov et al. (2003), plotted as the shaded
(gray) region on Figure 4. For the 4.8≤ log T ≤ 6.2 tem-
perature regime, we find 〈pλ〉= 0.89± 0.10, in agreement
with Pevtsov et al. (2003)’s reports for XBPs, QS (no
averaging), and dwarf stars. Independent of solar at-
mospheric temperature (i.e., only for log T ≥ 4.8), gives
a typical power-law index of 1.0± 0.2. Results favoring
self-similar plasma heating of the predominately closed
field coronal (e.g., Pevtsov et al. 2003), and elevating
evidence for an extension of such to cooler atmospheric
layers.

Of distinct interest, is our 〈pλ〉 temperature distribu-
tions indication of a linear correlation, i.e.,

〈p〉 ∝ T γ , (3)

where γ would be a proxy for the efficiency of magnetic
energy redistribution with temperature. We emphasize
Equation’s 3 functional dependence of the efficiency of
magnetic energy deposition with thermodynamic condi-
tions are results previously speculated to, e.g., Longcope
1998; Longcope & Kankelborg 1999. It is pointed out,
an upper TR – lower coronal dip, “ankle,” is additionally
witnessed in the 〈pλ〉 temperature distribution. Said fea-
ture could be reminiscent of the expected upper TR peak
in current dissipation per particle (Hansteen et al. 2010;
Bingert & Peter 2011), or the previously highlighted EM
to underlying magnetic field strength dependence (War-
ren et al. 2012). However, discussions to such are de-
ferred to the proceeding section.

Finally, in terms of our 〈aλ〉 temperature distribution,
we highlight the following. In regards to its functional
form: a high index (“energy”) like tail, correlating with
cooler atmospheric layers (i.e., log T < 4.8); upper TR
a upturn (log T ≈ 5.8); upper TR to lower corona peak
(5.9< log T < 6.2); and decreasing indices at increasingly
hotter temperatures (log T > 6.3) exists. The interesting
nature of this a(log T ) description, is its resemblance to a
“typical” solar atmospheric differential emission measure
(DEM) distribution, e.g.,

DEM(ne, T ) = n2e
dh

dT
, (4)

with h the LOS coordinate and ne the electron density
(e.g., see O’Dwyer et al. 2010). DEMs provide significant
insight regarding solar atmospheric thermal structuring.
Thus, we emphasize the existence of such a distribution,
obtained for our mixed feature sample, aligns with no-
tions for plasma emission derived from a single mecha-
nism (e.g., Raymond & Doyle 1981; Athay 1981; Oluseyi
et al. 1999a). It is also speculated, given the a(log T ) and
p(log T ) results obtained here, our work possibly high-
lights an entanglement of thermodynamic and magnetic
energy contributions in strict linear energetic coupling in-
vestigations (Equation 1). Particularly for descriptions
of broad plasma conditions (i.e., AR vs QS, etc.) and
spectrum regimes (i.e., soft X-ray through UV).
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Figure 3. Same as Figure 2, with the feature samples mixed and distinguished by a 10 G magnetic cutoff energy, i.e., < 10 G open (blue)
circles, and > 10 G shaded (blue) circles. Note, solid (red) line represents the fit of Equation 2 for only observations > 10 G, which is
discussed in depth in § 3.3.

3.4. Coronal Heating

Recall, a 〈pλ〉 upper TR – lower coronal ankle (i.e.,
5.8. log T . 6.3) was highlighted in § 3.3, that hereafter
is referred to as log Tw ∈ (5.9, 6.3). Note, log Tw corre-
lates with TR upturns of our a(log T ) results (Figure 4).
We hypothesize, as Equation 3 favors, across the bulk of
the solar atmospheric temperature space the efficiency
of magnetic energy redistribution approximately linearly
scales; assumptions supported by the following. Linear
correlations of temperature to EM distributions (e.g.,
Warren et al. 2012; Del Zanna et al. 2015), and pres-
sure and loop length (e.g., Rosner et al. 1978; Kano &
Tsuneta 1995) have been previously established, while
evidence for significant log T ≈ 6.0 – 6.5 unresolved emis-
sion exists (e.g., Del Zanna & Mason 2003; Viall & Klim-
chuk 2012). Thereby, it’s necessary here to explain the
“obscured” log Tw radiative observations in our magnetic
coupling descriptions.

Consider a simplified plane parallel solar atmosphere
segmented into cool (log T < 5.9), warm (log Tw), and
hot (log T >6.3) layers (Figure 5), each of which expe-
riences local heating via the freely available magnetic
energy (i.e., Hcool, Hwarm, and Hhot, respectively; Equa-

tion 3). Cool atmospheric heating, “chromospheric evap-
oration” Ecool (e.g., Fisher et al. 1985; Craig & Mc-
Clymont 1986; Hansteen et al. 2010), would contribute
to warm enhanced plasma emission. Additionally, un-
der the standard coronal heating picture (e.g., Oluseyi
et al. 1999a,b), downward conducted hot layer heat flux
(Chot) would provide a source of radiatively bright warm
emission. Now, assuming for simplicity heated evaporat-
ing plasma (E) and conduction (C) processes represent a
portion (δ) of local layer heating, the total warm heating
(Ht

warm) would be given by

Ht
warm ≈ Hwarm + δHcool + δHhot. (5)

Using similar arguments we arrive at the total cool and
hot heating described by

Ht
cool ≈ Hcool + δHwarm, (6)

and

Ht
hot ≈ Hhot + δHwarm, (7)

respectively (Figure 5). In other words, only warm con-
duction and evaporation contributes to the cool and hot
regions, respectively, while local plus hot and cool energy
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Figure 4. Resultant fit parameters 〈aλ〉 and 〈pλ〉, left and right panels, respectively, derived from application of Equation 2 to our mixed
feature data set, for observations > 10 G magnetic cutoff energy only (see § 3.3). Shaded gray region on the 〈pλ〉, corresponds to the
“universal” power-law index reported by Pevtsov et al. (2003), i.e., p= 1.13± 0.05. Note, we have propagated this “universal” trend across
our entire temperature space, as it was derived from only X-ray observations. To that effect, it potentially highlights a source of previously
reported variability in linear magnetic to radiative coupling studies as temperature dependence.

redistribution processes contribute to the warm (Fig-
ure 5). We find support for these general arguments in
works that shave favored the presence of unresolved emis-
sion, particularly, correlating with our proposed log Tw
space (e.g., Del Zanna & Mason 2003; Viall & Klimchuk
2012; Del Zanna et al. 2015; Warren et al. 2012). We
speculate an enhanced volume of warm heated plasma,
relative to our other layers, leads to an log Tw magnetic
energy redistribution efficiency ankle. We emphasize, the
p versus log T efficiency ankle as presented here would be
expected to manifest as diffuse “unorganized” emission.
Below, we expound further upon such arguments.

In terms of the predominantly closed field corona, var-
ious scales of closed magnetic flux tubes exist, rooted
in the network or intranetwork lanes (Figure 5), and ex-
tending to various heights (z) from the solar photosphere
(e.g., Oluseyi et al. 1999a,b; Orange et al. 2010, 2011;
Tan 2014). The classical one-dimension steady state loop
energy equation (e.g., Rosner et al. 1978; Craig & Mc-
Clymont 1986) can be written in the following conserva-
tive form

H(T ) =
d

dz
[5nevkBT + Fc] + n2eΛ(T ), (8)

where H defines the energy input (i.e., herein local heat-
ing defined previously), and ne, v, kB , T , Fc, and Λ(T )
represent the electron density, velocity, Boltzman con-
stant, temperature, conductive flux, and radiative loss
function, respectively. We point out, in Equation 8 the
following assumptions have been made. Loops are small
compared to the gravitational scale height, such that
we can safely neglect gravity. Flows are subsonic, i.e.,
v/c< 1, and low Mach numbers prevail (M2<< 1), im-
plying that the kinetic energy density is small compared
to the thermal energy density. Finally, we have ignored
non-uniformities in loop areas, thus, loop cross section
factors have been assumed to be on the order of unity.
Note that Equation 8 shows that the energy source (H)
supports depletion of enthalpy, heat conduction fluxes,
and radiative losses.

The classical Spitzer conductivity for full ionized plas-
mas is appropriate, i.e.,

Fc = −κT 5/2 dT

dz
, (9)

with κ∼ 10−6 for log T ≥ 5.0, while for cooler regimes the
effects of ambipolar diffusion on the total particle heat
flux should be considered (Fontenla et al. 1990, 1991,
1993). The radiative loss function has been analytically
approximated by sequenced power laws of the form

Λ(T ) = Λs(T/Ts)
M , (10)

joined continuously (e.g., see Oluseyi et al. 1999a,b). Us-
ing the continuity equation,

d

dz
[nev] = 0, (11)

and simplifying Equation 8, we arrive at a energy balance
form given by

H(T ) = 5kBq
dT

dz
+
dFc
dz

+ n2eΛ(T ), (12)

with q=nev. Noting the common solar atmospheric tem-
perature stratification, where

dT

dz
> 0, (13)

for increasing z (e.g., Murawski et al. 2013; Orange 2014),
leads to the following condition(

dT

dz

)
warm−cool

>>

(
dT

dz

)
hot−warm

, (14)

in relation to our model (Figure 5). In that respect, we
consider that conductive (C) and evaporative (E) pro-
cesses most strongly reflect

C ∝ d2

dz2

[
T

7
2

]
, (15)
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Figure 5. Cartoon schematics of our proposed theoretical solar atmospheric heating descriptions and subsequent energy redistribution
processes, as well as their relationship to the predominately closed coronal magnetic field environment.

and

E ∝ dT

dz
, (16)

respectively. Directly then Equations 13 – 16 lead to the
following conditions

Hhot > Hwarm > Hcool, (17)

thus
Hhot >> Hcool, (18)

while
Cwarm >> Chot, (19)

and
Ecool >> Ewarm. (20)

Equations 5 – 7 can then be simplified to

Ht
hot ∼ Hhot, (21)

Ht
warm ∼ Hwarm + Ecool, (22)

and
Ht
cool ∼ Cwarm. (23)

Therefore, arriving at three solutions, “classes,” that
should dominate observational signatures in light of our
proposed model, i.e., hot local, warm local plus chromo-
spheric evaporation, and cool conductive back heating,
for decreasing z, respectively. These solutions lend fur-
ther support to our previous speculations of the source
of the log Tw magnetic energy redistribution dip. We
also emphasize, these results align with the proposed
three classes of loop solutions presented by Oluseyi et al.
(1999a,b), i.e.,

1. Radiation dominated, where H is large and dT/dz
is small,

2. Classical, where both H and dT/dz are intermedi-
ate, and

3. Conduction dominated, where H is small and
dT/dz is large,
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respectively. It is recognized that no discussions were
presented in relation to the driver of our hypothesized
local heating (H), nor temporal variability, and as such
we briefly address these below.

The Sun’s atmosphere is not hydrostatic (Oluseyi et al.
1999a,b), nor does the corona’s mass decrease over time
(Hansteen et al. 2010; Guerreiro et al. 2013). Therefore,
we would expect time-dependent heating processes, such
as postulated here, would lead to near continuous plasma
heating/cooling and mass redistribution (Hansteen et al.
2010), e.g., plasma heating driven by field line stress
build up and dissipation (e.g., Klimchuk 2006) from pho-
tospheric convective motions and magnetic field recycling
(Berger 1997; Berger et al. 1997).

Recognizing the presence of knee and ankle structures,
and energetic scatter about strict pλ(log T ) descriptions
(Figure 3), we would expect additional plasma heating
beyond that provided by footpoint motions. For exam-
ple, the dominant heating mechanism married to a dif-
fuse background component as proposed in recent works
(Uritsky & Davila 2014; Tan 2014), and/or plasma heat-
ing via magnetohydrodynamic wave dissipation (e.g.,
Hollweg & Yang 1988; Poedts & de Groof 2004).

Additionally the role of radiative losses in our model
discussions have been avoided. Note, radiative loss
energy depletion scales as the density squared (Equa-
tion 12), while it is widely known ne decreases for in-
creasing z (Abbett 2007). Shorter cooler loops of our
proposed model (Figure 5), characterized by apex densi-
ties greater than their hot counterparts (Hansteen et al.
2014), would experience more efficient energy depletion
via radiative losses, compared to thermal conduction
dominated losses of the longer, hotter, loops (Spadaro
et al. 2006; Hansteen et al. 2010; Guerreiro et al. 2013).
Thus, in relation to our model, local heating presumably
occurs self-consistently across all layers, where progres-
sively cooler atmospheric layers experience more efficient
radiative cooling (Abbett 2007; Hansteen et al. 2014).

4. DISCUSSION

Using Equation 1, energetic descriptions, i.e., 〈px〉,
were provided for CH, QS, ARs, ARCs, and FD features,
i.e., x. In relation to previous literature describing sim-
ilar magnetic to radiative energy coupling (e.g., Golub
et al. 1980; Hara 1996; Fisher et al. 1998; Roald et al.
2000; Wolfson et al. 2000; Schrijver 2001; Benevolenskaya
et al. 2002; Pevtsov et al. 2003), our work revealed con-
sistencies to their derived power-law indices, p (Table 1).
However, our observations broad electromagnetic spec-
trum coverage, and subsequent derived energetic cou-
pling coefficients (e.g., 〈pλ〉 and Equation 2), indicated
such consistencies were mainly confined to similarly an-
alyzed portions of the spectrum i.e., soft X-ray.

Importantly, our pλ(log T ) results favored a possible
extension of the proposed “universal” relationship be-
tween magnetic flux and dissipated coronal heating by
Pevtsov et al. (2003) across broad electromagnetic spec-
trum regimes (i.e., UV – soft X-ray); albeit with modula-
tions to the efficiency of magnetic energy redistribution
with temperature (e.g., Equation 3). The potential of
such prescriptions are detailed as follows. Note stellar
coronae reflect the summation of discrete magnetic ele-
ments (e.g., Schrijver et al. 1989). Thus, similar to the
conclusions of Pevtsov et al. (2003), our linear radiative

to magnetic energy prescriptions could provide insight-
ful provisions to the field of stellar physics, particularly,
in the nature of coronae heating, where current gaps in
our knowledge exist from observational limitations. In
addition, our observational results for a coupling of mag-
netic energy deposition efficiency with thermodynamic
conditions are of distinct interest, specifically, their po-
tential at yielding new insights to our understanding of
fundamental plasma processes (Orange et al. 2014b).

The QS energetic distributions overlap with that of
CHs found here (i.e., log T ≥ 6.0; Figure 2), could point
to presence of self-similar processes leading to open-field
structures, i.e., interchange reconnection events resulting
in jets (e.g., Yokoyama & Shibata 1995). Speculations
consistent with the finds of Orange et al. (2015), whose
QS evidence of such energy redistribution events were
characterized by differing visibly bright radiative signa-
tures, compared to other gross features, due to the QS
large scale magnetic field geometry. Note, due to the
general QS geometry, some jets therein are characterized
as loop brightenings resultant from opposing horizontal
flows (e.g., Shibata et al. 1994; Yokoyama & Shibata
1996). Therefore we hypothesize physical processes at-
tributed to CH formation could be common in QS condi-
tions, where large scale magnetic field geometries lead to
radiative observations of more “diffusely” heated plasma.
We emphasize, such suggestions align with evidence for
the ubiquitous occurrence of solar atmospheric jet phe-
nomena (e.g., Shimojo et al. 1998; Shimojo & Shibata
2000). The predominance of “clustered” QS data points
in our observations (e.g., Figure 2), is considered as ad-
ditional support to such hypotheses (e.g., Pevtsov et al.
2003). More specifically, that is, such distributions de-
creased evidence for “identical distributions” of the ra-
diative to magnetic fluxes indicates heating beyond the
standard flare model (Parker 1963).

The ARC’s upper TR – lower corona knee of radiative
to magnetic flux comparisons (i.e., Figure 2) was specu-
lated as an additional heating component not related to
the freely available magnetic energy. ARCs nearly lin-
early related radiative to magnetic energy distribution
from lower chromospheric through upper coronal emis-
sion could be a result of ubiquitous plasma heating across
all solar atmospheric layers, i.e., runaway SOC events.
Events that are akin to the coupled diffuse heating com-
ponent with energy dissipation from SOC-like avalanches
(Uritsky & Davila 2014). Interestingly, our ARC knee
correlates with the region typically considered as “unre-
solved” (e.g., 6.0≤ log T ≤ 6.5; Del Zanna et al. 2015),
where Warren et al. (2012) indicated a switch occurs
in EM distributions relation to the underlying magnetic
field strength (e.g., see their Figure 9). Thus, our ARC
data set is considered supportive to notions for both high
and low frequency impulsive heating (e.g., Warren et al.
2012), as well as a challenge to current coronal heating
models (e.g., Brooks & Warren 2015). However, as we
have only statistically sampled these features, we provide
no discussions if such speculations relates to the age of
the AR (e.g., see Schmelz & Pathak 2012).

Though our modeled atmosphere (Figure 5) represents
extremely generalized descriptions of the complex coro-
nal heating problem (e.g., Klimchuk 2006), we emphasize
its alignment with the lukewarm loop model of Oluseyi
et al. (1999a,b). Note, their model predicted the ap-
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pearance of CHs in the upper TR and corona, network
element width with temperature, and TR plasma down-
flows. Of distinct importance, our work possibly provides
a key missing element to the Oluseyi et al. (1999a,b)
study – the single dominant generation mechanism (i.e.,
Equation 3). In addition, it was shown that our model
inadvertently led to the three predicted loop class solu-
tions of the Oluseyi et al. (1999a,b) works.

5. SUMMARY

Observational data from all available AIA passbands
and HMI LOS magnetograms at approximately 3 – 5
day intervals during May 2010 – July 2013 were utilized
to characterize the typical radiative and magnetic fluxes,
respectively, of CH, QS, AR, ARCs, and at FD scales.
Note these data provided coverage of photospheric (i.e.,
visible) through upper coronal plasmas (i.e., soft X-ray)
of the predominantly open and closed coronal magnetic
field environments of the gross feature classes dominating
the solar disk, independent of activity phase.

Radiative to magnetic energy coupling assessments
were carried out with and without feature dependence.
First, with feature (x) dependence by using the typical
approach, i.e., Equation 1, to derive their radiative to
magnetic energy coupling coefficients, i.e., 〈px〉. These
results revealed consistencies to existing literature (Ta-
ble 1) at similarly analyzed energy ranges (i.e., soft X-
ray; Pevtsov et al. 2003), while highlighting a possi-
ble temperature dependence in such approaches (§ 3.2).
From application of Equation 2 to a mixed feature sub-
sample with a 10 G magnetic energy cutoff, of our origi-
nal data set, reasonable approximations of magnetic en-
ergy redistribution across previously unexplored (to best
of our knowledge) temperature regimes were provided
(Figure 3). Additionally, these works presented evidence
of a linear temperature dependence with magnetic en-
ergy redistribution, from chromospheric through coronal
regimes (i.e., Equation 3). As such, a simple theoretical
coronal heating model was presented in § 3.4.

In relation to this work, we conclude that the combina-
tion of our diverse observations, i.e., broad solar atmo-
spheric temperature coverage, via AIA passbands, and
plasma conditions, of our feature set, with extended time
baselines (i.e., ≈ 3 yr), provided the diverse and dynamic
range of events from which a simple linear temperature
to efficiency of magnetic energy redistribution could be
established (Equation 3). Thus, revealing evidence in fa-
vor of a single dominant self-similar heating mechanism,
mainly of large scale closed coronal field environments.
Regardless, as pointed in § 3.4, such assumptions are not
considered exhaustive, and the likelihood of other mech-
anisms contributing to coronal heating remains. These
notions align with emerging evidence for an energetic
marriage of dominant and diffuse background heating
components (e.g., Tan 2014; Uritsky & Davila 2014).

Our work provides support to the expected fundamen-
tally differing heating in regimes dominated by single po-
larity magnetic flux, i.e., closed versus open field heat-
ing (e.g., Pevtsov et al. 2003; Klimchuk 2006). How-
ever, from our observations it was speculated that the
inferred fundamental difference of open to closed field
plasma heating is possibly akin to that of jets and flares
(e.g., Shibata et al. 1992; Wang & Sheeley 1993; Wang
et al. 1996; Shibata et al. 1997). In that regards this

work further elevates the role of cooler atmospheric stud-
ies (i.e., log T ≤ 6.0) in identifying the source and origin
of CHs, and solar wind mass feeding (Orange et al. 2015).
Especially, considering their correlation with heights to
where large scale open field structures are considered to
originate (e.g., Cranmer 2012).

Our observationally derived dependence of magnetic
energy redistribution with temperature (Equation 3) pro-
vides the first (to our knowledge) evidence of previously
speculated notions, e.g., Longcope 1998; Longcope &
Kankelborg 1999. We emphasize, that these results raise
interesting prospects for studies detailing similar physi-
cal processes under differing plasma conditions (Orange
et al. 2014b). Our proposed coronal heating model,
founded upon Equation 3, aligned well with the works
of Oluseyi et al. (1999a,b), and provided significant pro-
visions to the scope of these studies. Specifically, our
work provided the unknown single generation mechanism
missing from theirs.

Distinctly interesting to this work is that the average
solar DEM is obtained irrespective of gross feature (e.g.,
Raymond & Doyle 1981; Athay 1981), as well as is ap-
propriate for stars (Antiochos & Noci 1986). Such indi-
cates a single mechanism as the source of plasma emission
(Oluseyi et al. 1999a). As revealed here, a(log T ) descrip-
tions were reminiscent to typical solar DEMs (Figure 4).
Straightforwardly then, our results favor the presence of
a single dominant heating mechanism, while potentially
revealing its intimate connection to DEMs. Importantly
then, this work casts new light on the utility of narrow-
band observations as ad hoc tools for extrapolating solar
atmospheric thermodynamic profiles; speculations with
far reaching applications to the fields of solar and stellar
physics.

This study has addressed SDO’s objective to increase
our understanding of the origin of solar activity (Pesnell
et al. 2012). In addition, this study has indicated prox-
ies that hold significant potential for the field of stellar
physics. Mainly providing possible means for probing
distant stellar sources in currently difficult and/or unde-
tectable energy ranges, and techniques for extrapolating
radiative to magnetic field characteristics of gross feature
classes via unresolved stellar disk observations. There-
fore, our work elevates SDO’s extensive data archive as a
tool for enhancing our understanding of stellar physics.
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