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ABSTRACT
A comparison of X-ray images of the Sun and full disk magnetograms shows a correlation between

the locations of the brightest X-ray emission and the locations of bipolar magnetic active regions. This
correspondence has led to the generally accepted idea that magnetic Ðelds play an essential role in
heating the solar corona.

To quantify the relationship between magnetic Ðelds and coronal heating, the X-ray luminosity of
many di†erent active regions is compared with several global (integrated over entire active region) mag-
netic quantities. The X-ray measurements were made with the SXT Telescope on the Yohkoh spacecraft ;
magnetic measurements were made with the Haleakala Stokes Polarimeter at the University of HawaiiÏs
Mees Solar Observatory.

The combined data set consists of 333 vector magnetograms of active regions taken between 1991 and
1995 ; X-ray luminosities are derived from time averages of SXT full-frame desaturated (SFD) images of
the given active region taken within ^4 hours of each magnetogram. Global magnetic quantities include
the total unsigned magnetic Ñux and'tot4 / dA oB
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The X-ray luminosity is highly correlated with all of the global magnetic variables, but it is bestL Xcorrelated with the total unsigned magnetic Ñux The correlation observed between and the other'tot. L Xglobal magnetic variables can be explained entirely by the observed relationship between those variables
and In particular, no evidence is found that coronal heating is a†ected by the current variable'tot. Jtotonce the observed relationship between and is accounted for. A Ðt between and yields theL X 'tot L X 'totrelationship ergs Mx)1.19.L X ^ 1.2] 1026 s~1('tot/1022

The observed X-ray luminosities are compared with the behavior predicted by several di†erent coronal
heating theories. The Alfve� n wave heating model predicts a best relationship between and similarL X 'tot,to what is found, but the observed relationship implies a heating rate greater than the model can accom-
modate. The ““NanoÑare Model ÏÏ of Parker predicts a best relationship between and rather thanL X B

z,tot2
but the level of heating predicted by the model can still be compared to the observed data. The'tot,result is that for a widely used choice of the model parameters, the nanoÑare model predicts 1.5 orders

of magnitude more heating than is observed. The ““Minimum Current Corona ÏÏ model of Longcope pre-
dicts a qualitative variation of with that agrees with what is observed, but the model makes noL X 'totquantitative prediction that can be tested with the data. A comparison between and the magneticL Xenergy in each active region leads to a timescale that is typically 1 month, or about the lifetime ofEmagan active region, placing an important observational constraint on coronal heating models.

Comparing the behavior of solar active regions with nearby active stars suggests that the relationship
observed between and may be a fundamental one that applies over a much wider range of condi-L X 'tottions than is seen on the Sun.
Subject headings : Sun: activity È Sun: corona È Sun: magnetic Ðelds È Sun: X-rays, gamma rays

1. INTRODUCTION

The physical mechanism(s) responsible for heating the
solar corona to temperatures in excess of 106 K has been a
puzzle since the 6374 ““ coronium ÏÏ line observed duringÓ
eclipses was Ðrst identiÐed as a line of highly ionized iron
(Fe X ; High-resolution imagesGrotrian 1939 ; Edlen 1937).
of the corona in the extreme ultraviolet and X-ray wave-

1 Also, Space Sciences Laboratory, University of California, Berkeley,
CA 94720-7450.

length bands are now routinely made with the EIT tele-
scope on SOHO et al. and the Soft(Delaboudiniere 1995)
X-Ray Telescope (SXT) on Yohkoh et al.(Tsuneta 1991).
These spectacular observations have revealed many details
of the coronal structure and evolution, but the underlying
processes that heat it remain poorly understood. X-ray and
EUV images show bright coronal loops that resemble
coronal magnetic Ðeld lines, suggesting an intimate connec-
tion between the magnetic Ðeld and heating mechanisms.

The connection between magnetic Ðelds and coronal
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heating is especially compelling when the contributions of
the di†erent parts of the SunÏs corona to the total X-ray
luminosity are examined in detail. Roughly half of the SunÏs
X-ray luminosity comes from a tiny fraction (D2%) of the
solar disk Virtually all of the SunÏs X-ray(Acton 1996).
luminosity is concentrated within active regions, where the
SunÏs magnetic Ðeld is strongest. While the corona is evi-
dently heated everywhere, there is no question that it is
heated most intensely within active regions and that active
regions contribute essentially all of the X-rays that would be
seen if the Sun were observed as a star (i.e., spatially
unresolved). For these reasons, this paper will focus entirely
on active regions.

The energy that heats the corona almost certainly propa-
gates upward across the photosphere. If the magnetic Ðeld
plays a dominant role, the required energy Ñux can be
expressed in terms of the electromagnetic Poynting Ñux
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where we have assumed that the vertical plasma velocity v
zvanishes. In a frequently cited survey of Skylab X-ray data

& Noyes a value of ergs cm~2 s~1(Withbroe 1977) S
z
D 107

is found necessary to account for the X-ray Ñux from active
regions.

Detailed heating models typically invoke mechanisms
belonging to one of the two broadly deÐned categories of
wave (AC) or stress (DC) heating. In wave heating, the
large-scale magnetic Ðeld acts essentially as a conduit for
small-scale, high-frequency Alfve� n waves propagating into
the corona. Assuming perfect absorption in the corona, the
average Ñux of wave energy is
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where the is the large-scale, stationary magnetic Ðeld, o isB
zthe mass density, and Sv2T is the mean square velocity

amplitude of the Alfve� n waves.
In stress heating, the coronal magnetic Ðeld stores energy

in the form of DC electric currents until it can be dissipated
through, e.g., nanoÑares Estimating the rate(Parker 1988).
of energy storage results in a Poynting Ñux of the form

S
z
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where the constant of proportionality describes the effi-
ciency of magnetic dissipation, which might involve the
random footpoint velocity v or simply the(Parker 1983)
geometry Sakurai, & Priest &(Browning, 1986 ; Longcope
Sudan 1994).

One line of investigation of heating mechanisms is to seek
direct observational evidence of some proposed form of
heating. For wave heating models, for example, this
involves seeking signatures of Alfve� n waves such as non-
thermal broadening of transition region spectral lines, or
perhaps evidence for a global magnetic resonance from time
series analyses of the brightness of individual coronal loops

& Mullan Nonthermal broadening mea-(McKenzie 1997).
surements of transition region lines (Cheng, Doschek, &
Feldman 1979 ; Dere & Mason 1993 ; Warren et al. 1997)
routinely result in velocitiesD 20È30 km s~1, consistent
with and ergs cm~2s~1 &equation (2) S

z
D 107 (Withbroe

Noyes To investigate stress heating models, one1977).
approach is to estimate the average energy dissipation from

observed microÑaring which yields values(Hudson 1991),
an order of magnitude lower than that inferred. Another
approach is to test the correspondence between regions of
enhanced coronal heating, as indicated by, e.g., soft X-ray
luminosity and regions where the stored (nonpotential)
magnetic energy is large. This approach was pursued for the
case of the active region NOAA 6952 et al.(Metcalf 1994),
with no correspondence found between X-ray emission and
regions of large vertical photospheric current. In contrast, a
study of heating within Ðve active regions et al.(Falconer

et al. did yield a correlation between the1997 ; Moore 1996)
brightest X-ray emission and the most strongly sheared
magnetic Ðeld.

While these direct investigations can determine the pres-
ence of an alleged heating agent, they cannot establish that
it is responsible for the heating. Furthermore, interpretation
of such data requires an understanding of how electrome-
chanical energy, in the form of Alfve� n waves or as stressed
magnetic Ðelds, is converted to heat. While theoretical solu-
tions to this problem for AC and DC heating are Alfve� n
wave resonances and current sheet forma-(Hollweg 1984)
tion respectively, the corresponding uncer-(Parker 1972),
tainties at this level of the theory can weaken the
conclusions of direct investigations. For example, the low
efficiency of Alfve� n wave damping (Qº 10 ; &McKenzie
Mullan should lead to plasma velocities well in excess1997)
of those in if the estimate for &equation (2) S

z
(Withbroe

Noyes is used. Such large velocities are not observed,1977)
leading one to suspect either an alternative heating mecha-
nism (e.g., DC heating) or a dissipation mechanism much
more efficient than those yet considered. Conversely, the
lack of correspondence between X-ray emission and
observed large-scale currents et al. is consis-(Metcalf 1994)
tent with DC heating if current sheet locations do not neces-
sarily coincide with the large-scale currents that can be
measured with a vector magnetograph.

We therefore propose an alternative to the direct
approach, namely an examination of the statistical corre-
lation between coronal heating and magnetic quantities in a
large and diverse sample of observed active regions. The
form of such correlations can be used to distinguish
between various proposed models of heating. For example,
the Poynting Ñux in equations and scales di†erently(2) (3)
with the magnetic Ðeld While the constants of pro-B

z
.

portionality in each case may vary due to numerous other
factors, we might expect a large enough sample to be
capable of distinguishing between the two mechanisms. In
addition, one might expect DC heating mechanisms to
exhibit a statistical correlation between heating rate and
some signature of stress, such as large-scale currents deter-
mined from vector magnetograph measurements. The sta-
tistical nature distinguishes this approach from the direct
studies et al. et al. and(Metcalf 1994 ; Falconer 1997 ; Moore
et al. that sought detailed spatial correlations for a1996)
single active region or for a small number of active regions.
Here we look at active regions as a whole. Statistical studies
of coronal heating have been undertaken in the past. Skylab
soft X-ray data was used in conjunction with Kitt Peak
line-of-sight magnetograms et al. to establish(Golub 1980)
a relation of the form between the net unsignedU

t
D'tot1.5

Ñux in an active region and its thermal energy content'totHowever, this relation may simply reÑect the variationU
t
.

between the surface area and volume of active regions. In
another study, the total X-ray luminosity has beenL X
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inferred to scale with the total unsigned Ñux as L X D 'tot0.9
for statistical samples of late-type stars et al.(Schrijver

Statistical studies have also been performed for indi-1989).
vidual coronal loops & Klimchuk &(Porter 1995 ; Kano
Tsuneta 1995).

The work described in this paper carries out a statistical
investigation of coronal heating using soft X-ray telescope
(SXT) images from Yohkoh in conjunction with vector mag-
netograms from the Haleakala Stokes Polarimeter (HSP) at
the University of HawaiiÏs Mees Solar Observatory (MSO)

Using 333 vector magnetograms, we deÐne a(Mickey 1985).
number of global magnetic quantities that are calculated for
each active region measurement. The SXT images are then
used to estimate the X-ray luminosity for the activeL Xregion. The measurements of the global magnetic quantities
and are described in explores the relation-L X ° 2. Section 3
ships of global magnetic quantities with and also withL Xeach other. We conclude that the fundamental relationship
is between the X-ray luminosity and unsigned magnetic
Ñux : In we discuss and interpret our resultsL X D 'tot1.19. ° 4
within the context of several coronal heating theories, and
in we present our conclusions and comment on a com-° 5
parison between heating in solar active regions with that in
other active stars.

2. THE DATA SET

2.1. HSP Vector Magnetograms
The HSP provides a multiyear vector-(Mickey 1985)

magnetogram database that overlaps with the Yohkoh
mission. The HSP is fed by a telescope of 15 cm aperture ;
the instantaneous Ðeld of view is a circular region 6A in
diameter. The telescope is then raster scanned to gather
data for a vector magnetogram. At each point in the scan,
full Stokes spectra are recorded. A Ðber-fed echelle spectro-
meter provides high wavelength resolution. The detectors
are linear arrays, which simultaneously record 128 spectral
points over a range of a few angstroms. The magnetic Ðeld
parameters are derived from Stokes proÐles of the spectral
lines Fe I jj6301.5 and 6302.5, using a nonlinear least-
squares Unno-proÐle Ðtting routine & Lites(Skumanich

Analyzing the full Stokes spectra in this way allows1987).
one to compensate for saturation e†ects (which underesti-
mate the amplitude of strong Ðelds), magneto-optic e†ects
(primarily Faraday rotation, which changes the apparent
direction of the magnetic Ðeld vector), and Ðlling-factor
e†ects (which distort the relationship between longitudinal
and transverse magnetic Ðeld strengths).

After the longitudinal and transverse magnetic Ðelds have
been computed from the polarization measurements, the
e†ects of image foreshortening away from disk center are
corrected for, the 180¡ ambiguity is removed et al.(CanÐeld

and the magnetic Ðeld vectors are1993 ; Metcalf 1994),
expressed in terms of vertical and horizontal components
rather than longitudinal and transverse components. Large-
scale vertical current densities can then be computed from
the horizontal components of the Ðeld by taking the curl ;
care must be taken to not overinterpret these ““ large-scale ÏÏ
derived currents in terms of the actual distribution of elec-
tric currents at the photosphere (Parker 1996).

Errors in determining the ambiguity-resolved vector
magnetic Ðeld and electric current with the HSP occur pri-
marily from errors in the transverse Ðeld. Errors in the
transverse Ðeld strength at each pixel are typically 150 G;

errors in the computed currents are typically 3 mA m~2.
Single-pixel errors in the line of sight component of the
magnetic Ðeld, on the other hand, are typically 50 G. A
discussion of random and systematic errors in determining
magnetic Ðelds from polarization measurements can be
found in CanÐeld, & Rhoads andKlimchuk, (1992)

& CanÐeldKlimchuk (1994).
In all cases the HSP data were scanned using a 6A

pinhole. However, the data scans are of two types. In the
Ðrst type, termed ““ critically sampled,ÏÏ the pinhole was
stepped by In the second, termed ““ undersampled,ÏÏ the2A.8.
pinhole was stepped by While the undersampled data5A.6.
have degraded spatial resolution, the integration time at
each raster point was longer, so the Ðeld measurement at
each pixel is more accurate than that from the critically
sampled data.

One to two hours are required to build up a magneto-
gram of a typical active region ; 1È3 magnetograms are typi-
cally taken each day. The typical minimum timescale for
signiÐcant changes to the magnetic Ðeld pattern in an active
region is several hours (e.g., of et al.Fig. 3 Metcalf 1994 ;

CanÐeld, & MetcalfPevtsov, 1994).

2.2. Global Magnetic Quantities
Our strategy is to compute global properties of each

active region in our data set from the vector magnetograms,
rather than trying to study or explain the evolution of
detailed features within active regions. We have used the
magnetograms described above to compute the following
integrated (global) quantities :
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Here / dA means summation over the area on the solar
surface corresponding to the magnetogram, is the verti-B

zcal component of the magnetic Ðeld, is the horizontalB
MÐeld amplitude, and is the vertical current density derivedJ

zby taking the curl of the horizontal components of the Ðeld.
Only magnetic variables that are 2 p above the estimated
single pixel noise level are included in the integration. We
have also computed the ““ best ÏÏ value of (the ratioa

lsby doing a least-squares Ðt of a constant a Ðeld tok0 J
z
/B

z
)

the magnetogram CanÐeld, & Metcalf We(Pevtsov, 1995).
introduce two auxiliary quantities that are related to two of
the variables described above :

B1 4 B
z,tot2 /'tot , (8)

A1 4 'tot2 /B
z,tot2 . (9)

and are weighted values of the Ðeld strength in theB1 A1
active region and its area, respectively.

An advantage of using integrated quantities is that the
relative error is reduced signiÐcantly by combining mea-
surements from the many pixels in each magnetogram. The
single-pixel errors in the magnetic Ðeld measurements are
used to estimate the corresponding errors in the global
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magnetic variables. Average estimated errors of the global
magnetic variables and over the entire'tot, Jtot, Bz,tot2 , B

M,tot2
data set are 4%, 13%, 2%, and 23%, respectively, with rela-
tive errors decreasing with the size of the active region. The
presence of noise in each pixel also introduces a bias in the
quantities and We estimate this bias as the sumB

z,tot2 B
M,tot2 .

over all pixels used of the square of the error per pixel times
the area per pixel. The bias is then subtracted from the
global variable.

2.3. Selection of Magnetograms
The magnetograms selected for our study are a subset of

the magnetograms that have already been reduced for other
studies et al. This data set includes obser-(Pevtsov 1995).
vations taken at many di†erent times during the 1991È1995
time frame, includes both small and large active regions,
and includes active regions at many locations on the solar
disk. Many of the observations are of the same active
region, observed repeatedly for periods of several days. For
this study, we have excluded magnetograms with a central
meridional distance greater than 50¡ from disk center, and
we have also excluded magnetograms falling within 4 hours

of the beginning or end of a Yohkoh week boundary. This
restriction was made to avoid having to use data from two
di†erent Yohkoh data tapes in the analysis of a single mag-
netogram (see ° 2.4).

2.4. Coordinated Yohkoh SXT Data
For each selected vector magnetogram, we identify the

SXT full disk data taken within ^4 hours of the magneto-
gram. This 8 hour time window was chosen to be the
minimum time over which signiÐcant changes might occur
in the magnetic Ðeld et al. et al.(Metcalf 1994 ; Pevtsov

From the SXT data within this window, we only use1994).
SFD images taken in the thin aluminum Ðlter. The SFD
images are created by combining images from short and
long exposures and are then normalized to a constant e†ec-
tive 1 s exposure time. The SFD images have the advantage
of providing a better dynamic range of X-ray luminosities
than would be obtained from single-exposure images.

Each SFD image is ““ chopped ÏÏ to a rectangle just large
enough to enclose the magnetogram (see All theFig. 1).
chopped SFD images from the selected time window are
then averaged together to form a single averaged X-ray

FIG. 1.ÈExample of the combined SFD and magnetogram data. Shown in gray scale is an overlay of the averaged SFD image in the thin aluminum Ðlter,
with the HSP vector magnetogram for active region NOAA 7452 scanned on 1993 March 21 starting at 20 :47 UT. Note that the magnetogram is tilted by a P
angle of with respect to the X-ray image. The thickest contour line is the smoothed magnetic neutral line. Contours of medium thickness represent[25¡.5
upward vertical magnetic Ðeld strength at levels of 100, 200, 400, and 800 G, respectively. The thinnest contours represent downward vertical Ðeld strength at
the same levels. The X-ray emission (the dark region) is concentrated near the magnetic neutral line. Arrows show strength and direction of the horizontal
magnetic Ðeld. Solar north is up, and solar west is toward the right. Units along axes are in SXT full resolution pixels (2A.455).
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image. This is intended to smooth over any rapid variations
in the X-ray luminosity.

The averaged image was visually inspected and rejected
if, for example, the chopping had cropped out any signiÐ-
cant X-ray emission. Of 580 magnetogram/SFD pairs
examined, 247 were rejected principally because of this
cropping. This reÑects a systematic error in the recorded
magnetogram position, which placed it north and west of its
true position on the solar disk. This left a total of 333
magnetogram/SFD pairs that make up our data set.

The averaged, chopped SFD image, once accepted, was
then used to determine an averaged X-ray luminosity inL Xergs s~1. The SFD count rates (DN s~1) were converted to
ergs s~1 emitted between 1 and 300 using standardÓ
Yohkoh SXT software, assuming a coronal temperature
T \ 3 ] 106 K. This temperature assumption is a source of
uncertainty in our estimated values of Recent workL X.

Weston, & Bruner has shown that assuming(Acton, 1998)
T \ 3 ] 106 K results in errors of up to factor of 2 in forL Xseveral di†erent active region di†erential emission measure
distributions, if the wavelength range includes the 2.8È37.1

spectral range coinciding with the SXT thin aluminumÓ
Ðlter bandpass. We found only a slight increase between the
estimated luminosity from 1 to 300 versus that from 2.8 toÓ
37.1 . We therefore anticipate that our values of areÓ L Xaccurate to a factor of 2.

3. ANALYSIS OF THE DATA

The data set resulting from the above procedure consists
of 333 data points with values of X-ray luminosity andL Xthe global magnetic quantities and'tot, Bz,tot2 , Jtot, BM,tot2 , a

ls
.

Our primary goal is to characterize the relationship of L Xwith the measured magnetic quantities. showsFigure 2
scatter plots of versus various global magnetic quan-L X

tities ; Figures and show some of the relationships3 4
between di†erent magnetic variables.

Before discussing the relationship between and theL Xmagnetic variables, it is useful to comment on some impor-
tant relationships between some of the magnetic variables.

shows that the auxiliary variable which can beFigure 4a A1 ,
thought of as the e†ective magnetic area of the active
region, is extremely well correlated and almost linear with
the magnetic Ñux (we Ðnd whileA1 D 'tot0.82), Figure 4b
shows that the auxiliary variable which is a characteristicB1 ,
Ðeld strength of the active region, is less well correlated with

and increases only modestly Thus, the'tot (B1 D 'tot0.18).
range of magnetic Ñuxes in our data set reÑects primarily
the variation in the physical size of the active regions, rather
than in their Ðeld strength. Figures and explore the4c 4d
variation of and with magnetic Ñux.B

M,tot2 /B
z,tot2 k0 Jtot/'totEvidently, the ratio of horizontal to vertical magnetic

energy density increases just slightly with active region size,
while the ratio of unsigned current to unsigned Ñux
decreases signiÐcantly with the size of the active region.
This latter trend is reminiscent of the ““& e†ect ÏÏ (Longcope,
Fisher, & Pevtsov in which large-scale currents in1998),
active regions result from twists imparted to active region
magnetic Ñux tubes by convective motions during the
process of emergence through the convection zone. The
amount of twist introduced by the & e†ect is predicted to
vary as qualitatively similar to what we see here'tot~0.7,
(k0 Jtot/'totD 'tot~0.54).

shows that there is a clear relationship betweenFigure 2
the X-ray luminosity and each of the variables 'tot, B

z,tot2 ,
and indicating that is highly correlated withB

M,tot2 , Jtot, L Xsome aspect of the active region magnetic Ðeld. However, it
is not obvious from whether any of the displayedFigure 2
correlations result from a fundamental dependence of onL X

FIG. 2.ÈScatter plots of X-ray luminosity versus the four global magnetic quantities and The Spearman correlation coefficients for'tot, Bz,tot2 , B
M,tot2 , Jtot.these cases are listed with each panel. The power-law relationship is shown (solid line) along with a band encompassing 80% of the data pointsL X D'tot1.19

(dashed lines). Triangles denote undersampled magnetograms, and diamonds denote critically sampled magnetograms.
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FIG. 3.ÈScatter plots of global magnetic variables and vs. The Spearman correlation coefficients for each case are listed withJtot, B
z,tot2 , B

M,tot2 , o a
ls

o 'tot.each panel. Triangles denote undersampled magnetograms, and diamonds denote critically sampled magnetograms.

these global variables or whether the relationship is
between and some other ““ hidden ÏÏ magnetic variable.L XThe situation is muddied by the fact that these four extrinsic
magnetic variables are all highly correlated with each other

reÑecting the fact that a large active region tends to(Fig. 3),
have more of everything than does a smaller one. A general

feature of Figures and is that in logarithmic coordinates,2 3
the data points seem to scatter about lines, suggesting
power-law relationships between the magnetic variables
themselves and between the magnetic variables and L X.

In contrast to the strong relationship between and theL Xglobal variables described above, there is little if any corre-

FIG. 4.ÈScatter plots of the magnetic variables and vs. The value of averaged over the sample of activeA1 , B1 , B
M,tot2 /B

z,tot2 , k0 Jtot/'tot 'tot. B
M,tot2 /B

z,tot2
regions is 0.39. Triangles denote undersampled magnetograms, and diamonds denote critically sampled magnetograms.
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FIG. 5.ÈScatter plots of vs. and Triangles denote undersampled magnetograms, and diamonds denote critically sampled magneto-L X/A1 o a
ls
o k0 Jtot/'tot.grams.

lation between either or and leading us toL X L X/A1 a
ls
,

conclude that has little to do with coronal heating. Ina
lswe show the relationship between (the X-rayFigure 5, L X/A1

luminosity divided by the e†ective magnetic area, a quantity
similar to the X-ray surface Ñux) and as well as thata

ls
,

between and a quantity that has the sameL X/A1 k0 Jtot/'tot,units as a
ls
.

To help disentangle the relationship between the mag-
netic variables and we perform a principal componentL X,
analysis Stuart, & Ord on the logarithms of(Kendall, 1983)

and We have used logarithmsL X, 'tot, B
z,tot2 , B

M,tot2 , Jtot.because of the power-law behavior suggested by the scatter
plots (a similar analysis of logarithmic variables is that of

et al. who studied the dependence of X-rayMajer 1986,
luminosity in RS CVn systems with rotation period and
stellar spectral type). We have omitted from the principala

lscomponent analysis since it is clear from the outset that
there is no strong connection between and this variable.L XThe mean of each sample of the logarithmic variables is
subtracted from its corresponding distribution, and each
variable is then rescaled to unit variance. The covariance
matrix is constructed for the Ðve rescaled variables ; the
o†-diagonal elements of this symmetric matrix are in fact
just the linear (Pearson) correlation coefficients between
each combination of the Ðve variables. The eigenvalues and
eigenvectors of the covariance matrix are found and
ordered from the largest to smallest eigenvalue. The ratio of
the largest eigenvalue to the sum of eigenvalues reÑects the
fraction of total variation in the data set that is accounted
for by the corresponding eigenvector, which in turn
describes the combination of measured variables that
““ varies ÏÏ most over the data.

For our Ðve variables, the largest eigenvalue accounts for
83.1% of all variance within the data set, with the next
largest eigenvalues accounting for 8.7% and 5.4%, respec-

tively. From a practical standpoint, this means that almost
all of the variation in log can be accounted for by corre-L Xlation with a single logarithmic magnetic variable or a
single linear combination of logarithmic magnetic variables.
For the combination of magnetic variables deÐned by the
eigenvector, the correlation coefficient with log has theL Xvalue 0.831. The correlation of log with log hasL X 'totessentially the same value (0.829) and is much stronger than
correlations of with (0.68), with (0.75), and withL X Jtot B

z,tot2
(0.60). After exhaustive tests with many di†erent com-B

M,tot2
binations of magnetic variables, we found no other mag-
netic variable or combination of variables that is
signiÐcantly better correlated to than (although theL X 'totcorrelation of with [0.826] is almost as good). ThisL X A1
suggests that log is primarily a function of log withL X 'tot,other magnetic variables playing a minor role. The conclu-
sion that is primarily related to is also reachedL X 'totthrough a completely di†erent analysis using a nonpara-
metric Ðtting technique (see, e.g., & KlimchukPorter 1995).

To test a possible relationship between Ñux and'tot L Xone must Ðrst Ðnd the ““ best ÏÏ power law relating and'totThis is done by computing the Spearman correlationL X.
coefficient between and the quantityr

s
'tot j' 4 L X/('tot)pfor various powers The power p is varied until the corre-p.2

lation vanishes We then have two variables and(r
s
\ 0). 'totwhich are completely uncorrelated with one another. Asj',

a result, the luminosity of each active region can be

2 Nonparametric statistics, such as the Spearman rank-order coefficient
are frequently used in situations where distributions may di†er fromr

sGaussian, making more traditional linear statistics, such as the Pearson
correlation coefficient, invalid et al. Empirically, we Ðnd,(Press 1986).
however, that for all of the quantities discussed in this paper the Pearson
correlation coefficient is numerically very close to the Spearman coeffi-
cient.
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expressed as the product of the uncorrelated variables

L X \ j' 'totp . (10)

The full data set (333 points) yields a power-law index
p \ 1.190^ 0.04, where the error estimates are found from
Monte Carlo resampling of the original data set using the
bootstrap technique (see, e.g., & TibshiraniEfron 1991).
Plotted against does appear uncorrelated.'tot (Fig. 6), j'The central 80% of the data points fall inside the range

6 ] 1025 ergs s~1 \ j' \ 3 ] 1026 ergs s~1 , (11)

where in the deÐnition of we have normalized toj' 'totunits of 1022 Mx. The mean and median values of arej'1.5] 1026 and 1.2] 1026 ergs s~1 respectively.
The variable is the X-ray luminosity of an activej'region corrected for the Ñux dependence we have found.

Thus, active regions with identical magnetic Ñuxes can
exhibit di†erent X-ray luminosities that are then reÑected in
di†ering values of If other magnetic variables are impor-j'.
tant, there should be a dependence of on them that wej'can test. In particular, Spearman correlation coefficients r

scan be computed between and all other magnetic vari-j'ables to search for additional dependencies. A natural can-
didate would be since active regions with moreJtot,nonpotential magnetic energy (and hence currents), might
be heated more e†ectively. Remarkably, and show noj' Jtotevidence of being correlated : Their Spearman coefficient is

which is consistent with 333 pairs of uncorrelatedr
s
\ 0.03,

values at a high conÐdence level. Taken by themselves L Xand are highly correlated but the behavior ofJtot (r
s
\ 0.68),

suggests that this correlation is a by-product of eachj'variableÏs independent correlation to Most important-'tot.ly, this argues strongly that the luminosity variation reÑec-
ted in is not related to the currentj' Jtot.

Other variables that show little or no correlation with j'include B
z,tot2 (r

s
\ [0.07), B

M,tot2 (r
s
\ [.11), a

ls
(r
s
\ 0.06),

unsigned heliographic latitudeJtot/'tot (r
s
\ 0.04), (r

s
\

0.01), and date of observation The only vari-(r
s
\[0.05).

able we have found that is signiÐcantly (anti-) correlated
with is the derived variable with a Spear-j' B1 \B

z,tot2 /'tot,man coefficient However, a scatter plot betweenr
s
\[0.28.

and shows that while the anticorrelation can be dis-j' B1
cerned, it is not a strong e†ect in comparison with the
overall level of scatter. We speculate that a weak anti-
correlation might result from the empirical fact that regions
of strong magnetic Ðeld, such as sunspot umbrae, are typi-
cally darker in X-rays than regions of intermediate Ðeld
strength such as plage.

Since the two magnetic quantities and are them-'tot Jtotselves strongly correlated one might think that(r
s
\ 0.79)

their roles could be reversed in the above process, but such
is not the case. The quantity is independentj

J
4 L X/(Jtot)qof for the power-law index q \ 1.68^ 0.07. However,Jtot j

Jis signiÐcantly correlated with and remains'tot (r
s
\ 0.38)

so for a range of power-law index q well outside its error
bars. Similar results are obtained for correlations of andj

JThe asymmetry in the behavior of versus that ofB
z,tot2 . j

J
j'suggests that the Ñux plays a more fundamental role in'totdetermining than does the current and reinforces theL X Jtotidea that and are correlated only through theirL X Jtotmutual correlations with Examination of quantities'tot.and leads to similarly signiÐcant correlationsj

Bz,tot2
j
BM,tot2with the other magnetic variables and strengthens our con-

clusion that the fundamental relationship is between andL X'tot.How robust is the power-law value relating toL X 'tot?Could the value p \ 1.19^ 0.04 be an artifact of the non-
parametric Ðtting technique we have used? To investigate
this, we have also performed least-squares Ðts of log toL X

FIG. 6.ÈQuotient plotted against the global magnetic quantities and Horizontal lines in top left-hand panel show the medianj' 'tot, Jtot, B
z,tot2 , B

M,tot2 .
value (solid line) and values encompassing the central 80% (dashed lines) of the data. Triangles denote undersampled magnetograms, diamonds denote
critically sampled magnetograms.



No. 2, 1998 CORONAL HEATING IN ACTIVE REGIONS 893

log and found the same value of p to within 1%.'totAnother concern is whether the undersampled (81
magnetograms) and critically sampled (252 magnetograms)
subsets of the data display substantially di†erent behavior.
Performing the nonparametric treatment on the critically
sampled and undersampled subsets of the data separately
yields power laws p \ 1.25^ 0.06 and p \ 1.00^ 0.09,
respectively, with very similar values found from least-
squares Ðts. Thus, there does seem to be some modest sys-
tematic di†erence between the two subsets, but it is not
clear whether this reÑects the preponderance of large active
regions seen during the early part of the Yohkoh mission
(when most of the undersampled data was taken) or is an
e†ect of the di†erent rastering algorithm in the two data sets
discussed in It is possible, for example, that the smaller° 2.1.
power-law index for the undersampled case might be an
e†ect of a magnetic Ðlling factor, which itself depends on the
amount of active region Ñux.

4. DISCUSSION

To summarize the results of we Ðnd that the best° 3,
predictor of an active regionÏs X-ray luminosity is simply its
total unsigned magnetic Ñux While other magnetic'tot.variables also correlate well with these correlations canL X,
be ascribed entirely to the correlation of those variables
with The dependence of on evidently does not'tot. L X 'totresult from a dependence of on or andL X Jtot, B

z,tot2 , B
M,tot2 ,

we Ðnd no signiÐcant residual correlation between andL Xthe other variables once the dependence of on hasL X 'totbeen accounted for.
How do these results compare with other recent work? A

detailed study of NOAA AR 6952 et al.(Metcalf 1994)
showed that there was little if any correlation of the loca-
tions of bright X-ray loops with any magnetic quantity,
although the brightest emission occurred near the magnetic
neutral line. On the other hand, other recent work

et al. compared the detailed spatial dis-(Falconer 1997)
tribution of X-ray emission in Ðve active regions observed
by Yohkoh with magnetic Ðeld measurements from the
NASA Marshall Space Flight Center vector magnetograph.
They also Ðnd that the brightest emission occurs adjacent to
magnetic neutral lines. Additionally, they found that most
of the bright features have a footpoint rooted near strong-
shear neutral lines (i.e., large-scale currents are present). A
subsequent study of the total X-ray luminosity (Falconer

similar to the one we have done, Ðnds that over a1997),
small sample size, is best correlated with the length ofL Xthe sheared neutral line.

This latter conclusion could be viewed as contradicting
our Ðndings, since sheared neutral lines are believed to
result from Ðeld-aligned currents. (R. L. Moore 1996,
private communication) has suggested that correlation with
current should be most pronounced in larger active regions
and was therefore more evident in the study of Falconer

than in our large data set. To test this possibility with(1997)
our data, we have divided the data into two subsets, the Ðrst
consisting of the 66 largest active regions (i.e., the largest
20%), the other consisting of the remaining 267. canj'again be plotted as a function of using di†erent symbolsJtot,for the two di†erent subsets (see shows thatFig. 7). Figure 7
there is a systematic di†erence in between the largestJtotactive regions and the rest of the sample : large regions
have bigger currents. However, shows no obviousFigure 7
correlation of with when considering only thej' Jtot

FIG. 7.ÈScatter plot of vs. showing the largest (in magnetic Ñux)j' Jtot,20% of active regions as crosses and the remaining active regions as tri-
angles.

largest active regions ; further, the range of is not signiÐ-j'cantly di†erent than that for the entire sample. This implies
that if shearing along neutral lines does a†ect the X-ray
luminosity globally, its connection to the global current
variable is too subtle to be detected as a correlationJtotbetween and in our data set.j' Jtot

4.1. Constraints on Heating Models
Our measured relationship between and (and theL X 'totrelationships with the other global magnetic variables) can

be used to test or constrain several existing models for
coronal heating.

Wave Heating4.1.1. Alfve� n

Wave heating models have a Poynting Ñux given by
assuming that all wave energy is absorbed inequation (2)

the corona. For constant wave amplitude Sv2T, the total
power dissipated in an active region is

Ptot \
S o

4n
Sv2T'tot . (12)

Taking the X-ray luminosity to be a fraction f of thisL Xpower and equating the coefficient of with the median'totvalue ergs s~1 yields a wave amplitudej' ^ 1.2] 1026

Sv2Tphot1@2 ^
0.1JQ

Jf

A 'tot
1022 Mx

B0.1
km s~1 , (13)

at the photosphere where the Ñux is measured, assuming a
mass density of o \ 1.0] 10~7 g cm~3. Note that if Alfve� n
wave energy is absorbed less than perfectly, with a quality
factor Q, the required wave velocity scales up by Q1@2. At the
photosphere, the required wave velocities are plausible, pro-
vided Q is not too great.

The model is put to a more stringent test at transition
region temperatures. The required velocities can be scaled
to expected transition region values by noting that 'totshould be the same at photospheric and transition region
levels if most of the photospheric Ñux emerges to coronal
heights and using an estimated transition region mass
density of o \ 1.0] 10~15 g cm~3 (corresponding to a gas
pressure of D1 dyne cm~2 at a temperature of 105 K). We
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then Ðnd

Sv2Tt.r.1@2 ^
10JQ

Jf

A 'tot
1022 Mx

B0.1
km s~1 . (14)

Estimates of the quality factor Q can be found &(McKenzie
Mullan by performing time series analyses of the1997)
brightness in active region coronal loops seen with the SXT
telescope on Yohkoh. Periodic brightness modulation is
observed with lower limits on Q ranging from 10 to 100 (see
Table II of & Mullan The brightnessMcKenzie 1997).
modulation is interpreted as evidence for global Alfve� n
resonances in loops. Q\ 10 would yield D30 km s~1 wave
velocities, if f were unity. While similar values of Sv2Tt.r.1@2
have been measured Doschek, & Feldman(Cheng, 1979 ;

& Mason et al. the higher valuesDere 1993 ; Warren 1997),
of Q yield wave velocities that are too large. We conclude
that a self-consistent picture incorporating our measured
X-ray luminosities, velocities determined by transition
region line broadening, and measured Q-values (McKenzie
& Mullan is not possible in the context of the Alfve� n1997)
wave heating model.

In summary, the wave heating model does predict that L Xshould be most strongly related to as is observed, but'tot,there seems to be insufficient energy in the waves observed
at transition region temperatures to account for the
observed level of heating.

4.1.2. NanoÑare Heating

One can use a similar comparison to examine stress
heating models, whose Poynting Ñux is given by equation

and leads to a net power scaling as(3)

PtotD o v oB
z,tot2 . (15)

This suggests that such models would exhibit the strongest
correlation between and In our data, this corre-L X B

z,tot2 .
lation was not as signiÐcant as that between and (seeL X 'totIt is nevertheless possible to compare the predictions of° 3).
one speciÐc version of this model, ParkerÏs nanoÑare
hypothesis and our observed relationship(Parker 1988),
between and to derive parameters of that modelL X B

z,tot2
and then compare them with the values proposed (Parker
1988).

In ParkerÏs nanoÑare model, the energy for coronal
heating comes from the intermittent dissipation of energy in
small-scale coronal current sheets formed from the random
shuffling of footpoint motions. The average power dissi-
pated per unit surface area, W , is proposed to vary as

W ^ B
z
2/4n ] v2t/L \ B

z
2/4n ] v tan hcrit , (16)

where L is the coronal loop length, v is the velocity of
photospheric footpoint motion, and t is the time necessary
to deÑect the Ðeld direction sufficiently for the small-scale
tangled Ðeld to be inclined from the large-scale Ðeld direc-
tion at some maximum critical angle tan Parkerhcrit\ vt/L .
proposes a value corresponding to t ^ 5 ] 104 shcrit^ 14¡
for an assumed granulation velocity v^ 0.5 km s~1, an
assumed loop length of 109 cm, and an assumed B

z
^ 100

G. The values of and t were derived to match the esti-hcritmated energy Ñux of 107 ergs cm~2 s~1 & Noyes(Withbroe
1977).

The left-hand side of can be integrated overequation (16)
the active region and written as where f is the fractionL X/f,
of the total dissipated power appearing in the form of

X-rays. Equating this to the area integral of the right-hand
side, we Ðnd

L X ^ fv tan hcritBz,tot2 /4n . (17)

The data can then be used to derive the coefficient fv tan
If the relationship between and is assumedhcrit/4n. L X B

z,tot2
to be linear [which is not quite correctÈa least-squares Ðt
results in then an average value ofL X D (B

z,tot2 )0.87],
from the entire data set yields fv tan cmL X/B

z,tot2 hcrit^ 360
s~1. This value of is about 1.5 orders of magni-v tan hcrittude smaller than the value proposed The(Parker 1988).
discrepancy between the value we derive from the data and
ParkerÏs number can be accounted for by the di†erence
between the Ðeld strength he assumed (100 G) and the much
larger Ðeld strengths in the data (averaged over all the
active regions, we Ðnd G). For ParkerÏs assumedB1 ^ 600
value of v^ 0.5 km s~1, this results in as com-hcrit^ 0¡.4/f,
pared with 14¡. Alternatively, if then the requiredhcrit^ 14¡,
footpoint shuffling velocity is v^ 0.014 km s~1/f.

In summary, the nanoÑare model overesti-(Parker 1988)
mates the amount of energy radiated in our active region
data by about 1.5 orders of magnitude. That problem could
be easily resolved by adjusting either the critical angle or
the footpoint shuffling velocity in the model downward. The
remaining problem with the nanoÑare model is that it pre-
dicts the strongest relationship to be between andL X B

z,tot2 ,
rather than being between and as the data seem toL X 'tot,show.

4.1.3. Heating from the MCC Model

There is a recently published stress heating model that
predicts a relationship between and the global magneticL Xvariables that is more consistent with the observations. This
model, the ““Minimum Current Corona ÏÏ (MCC), describes
coronal heating as a series of small reconnection episodes
punctuating the quasi-static evolution of the coronal Ðeld

& Cowley These recon-(Longcope 1996 ; Longcope 1996).
nection events occur at topologically signiÐcant Ðeld lines
called ““ separators.ÏÏ Prior to reconnection, motion of the
photospheric Ñux causes the development of intense current
ribbons along the separators. This current stores magnetic
energy, which is ultimately liberated by reconnection. An
estimate of the heating power in this model is the product of
the amplitude and frequency of reconnection events

rather than being given as a Poynting Ñux.(Longcope 1996)
Unfortunately, current work on the minimum current

corona has yet to yield a quantitative heating rate. Never-
theless, its general properties indicate a scaling law that
applies under several assumptions, described in the Appen-
dix. For an average velocity of photospheric Ñux elements v6
and active region area A the scaling law is

PtotD v6 'tot2 /A (18)

(see Appendix). The linearity in velocity is analogous to the
same dependence in a mechanical friction (Longcope 1996 ;

& Cowley Using as an estimate of theLongcope 1996). A1
active region area, which we Ðnd scales as in ourA1 D'tot0.819
data, leads to a predicted scaling

L X D f v6 'tot1.18 , (19)

where, as before, f represents the fraction of the total power
that is emitted in X-rays. While this power law is veryPtot
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close to our derived power-law relationship between andL Xthere are undoubtedly systematic variations of f with'tot,active region size and/or temperature, owing to the insensi-
tivity of the SXT bandpass to lower temperature coronal
plasma. We therefore caution that the agreement in power-
law index between the data and this theoretical model
might not be this good if these e†ects were accounted for
properly. The main point is that this coronal heating picture
predicts an active region luminosity that depends mainly on
the total magnetic Ñux, similar to what we Ðnd.

The MCC model also predicts qualitatively how emission
should be distributed within the active region. Equation

from the Appendix illustrates that Ñux elements(A2)
separated by only short distances, such as those just across
the neutral line from one another, will have correspondingly
short separator loops, and the total power dissipated by
these elements will scale roughly as l~2, where l is the char-
acteristic separation scale length between magnetic poles.
This means that the dissipation of power will tend to be
concentrated near the neutral line et al.(Metcalf 1994 ;

et al. as we found empirically when compar-Falconer 1997),
ing the magnetograms with the SFD images. Because the
greater dissipation in loops close to the neutral line is also
concentrated into smaller, lower lying coronal volumes, the
surface brightness distribution of the X-ray emission should
appear to be especially concentrated near the neutral line.

If the MCC model really describes how coronal heating
takes place, can one use the currents derived from vector
magnetographs (such as the HSP) to derive meaningful
measurements of the currents driving coronal heating? The
answer to this is not clear. The distribution of currents in
the MCC model is extremely nonuniform; the current
density is essentially zero except along the magnetic separa-

tor loops, where it is highly concentrated into thin ribbons.
It is not obvious whether these concentrated structures
would contribute meaningfully to the large-scale current as
measured by a vector magnetograph. Since the current
ribbons form in the corona and close along the photosphere
in the theoretical model, it is also not clear whether such
currents would be measurable at those depths in the atmo-
sphere where the magnetic Ðeld is measured.

4.1.4. Comments on Active Region Energetics

The previous subsections showed that Alfve� n waves con-
tributed insufficient energy to explain the X-ray data and
that the nanoÑare model, at least with the parameters
described by contributed too much energy.Parker (1988),
The MCC model is not sufficiently well developed to
predict a speciÐc energy dissipation rate, so that its ener-
getic predictions remain untested. In the context of these
models, it is useful to point out some interesting features of
active region energetics that one Ðnds in the data.

The vector magnetograms allow for an estimate of the
total magnetic energy by using the Ðeld to extrapo-Emag B

zlate a potential Ðeld conÐguration above the photosphere
(e.g., The true chromospheric and coronal mag-Gary 1989).
netic energy is observed to be as much as 50% greater than
the potential Ðeld energy et al. but for our(Metcalf 1995),
needs the potential Ðeld energy is a reasonable estimate.

shows that the potential Ðeld energy isFigure 8b Emaghighly correlated with and that the range of magnetic'totenergies of our sample of active regions is between D1031
and D3 ] 1033 ergs. A least-squares Ðt yields Emag D'tot1.35.

shows the behavior of as a function ofFigure 8c L X Emag,from which it can be seen that is an increasing functionL Xof (a least-squares Ðt yields The ratioEmag L X D Emag0.75).

FIG. 8.ÈX-ray luminosity as a function of (a). Potential Ðeld magnetic energy as a function of (b). as a function of (c). TimescaleL X A1 Emag 'tot L X Emag(d). Dashed line indicates a solar rotation time of 27 days. Diamonds indicate critically sampled magnetograms, and triangles denoteq
E
4Emag/L Xundersampled magnetograms.
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yields a characteristic timescale, which isEmag/L X 4 q
Eplotted as a function of in panel d of with theEmag Figure 8,

dashed line indicating a period of 27 days (1 solar rotation
period) for comparison. From it is clear that isFigure 8, q

Etypically a solar rotation period (but with considerable
scatter). The values of are not drastically di†erent fromq

Ethe observed lifetime of active regions. Whether or not q
Ehas any causal connection to the lifetime of active regions,

the relationship between and provides an inter-L X Emagesting constraint on coronal heating mechanisms and one
that is not addressed by any of the theories discussed here.

5. CONCLUSIONS

Much can be learned about the nature of coronal heating
by using statistical studies of global magnetic properties of a
diverse set of active regions. Our analysis of the data sug-
gests that the best magnetic indicator of the X-ray lumi-
nosity of an active region is simply its total unsigned
magnetic Ñux and that large-scale currents, at least as mea-
sured by do not appear to a†ect the X-ray output. WeJtot,have discussed this result within the context of several dif-
ferent heating models. We Ðnd that while the Alfve� n wave
heating model correctly predicts that the magnetic variable
best correlated with is the observed level of heatingL X 'tot,is too great to be consistent with measured transition region
line widths and expected Q-values of the global resonances.
The nanoÑare model predicts a best relation-(Parker 1988)
ship being between with rather than betweenL X B

z,tot2 , L Xand In contrast to the wave heating model, there is'tot.
D36 times more heating energy available in the model than
is seen in the data. The MCC model gives a scaling of L Xwith ', which seems to be consistent with the observed
power-law index p \ 1.19, but the model is not sufficiently
well developed to predict a numerical coefficient connecting
the two quantities.

We have shown that the magnetic energy estimated from
the vector magnetograms yields with activeEmag D'tot1.35,
region magnetic energies varying from D1031 to
D3 ] 1033 ergs in our data. We have shown that the ratio
of the magnetic energy to the X-ray luminosity leads to
timescales of order 1 month. The observed relationship
between and provides an important constraint onL X Emagcoronal heating mechanisms.

It is interesting to place the active region data within the
context of other active stars. In we compare valuesFigure 9,
of and from solar active regions with correspondingL X 'totvalues of and estimates of magnetic Ñuxes of nearby G,L XK, and M dwarf stars To convert magnetic Ðeld(Saar 1996).
strengths and Ðlling factors to magnetic Ñuxes, we have
multiplied the Ðlling factor and Ðeld strength by the esti-
mated stellar surface area. X-ray luminosities are similarly
converted from surface Ñuxes by multiplying by(Saar 1996)
the stellar surface area. Note that there appears to be a
horizontal o†set between the stellar data and the solar
active region data, but the overall slope of the two di†erent
data sets seems consistent. Given that the magnetic Ðelds
are measured in completely di†erent ways (spatially resolv-
ed polarization measurements versus spectral line Ðtting),
that the coronal temperatures of the active stars may be
considerably hotter than the solar active regions, and that
the X-ray measurements were made with di†erent instru-
ments, an o†set is not surprising. The important point is
that the power-law dependence between magnetic Ñux and

FIG. 9.ÈPlot of vs. for the set of active regions in this paperL X 'tot(diamonds), as well as estimated magnetic Ñuxes and X-ray luminosities for
nearby active G, K, and M dwarf stars crosses).(Saar 1996 ;

X-ray luminosity appears to be quite similar and therefore
suggests a ““ universal ÏÏ relationship between magnetic Ñux
and the amount of coronal heating. It is also interesting that
the power-law dependence we have found for solar active
regions is similar (although not equal) to the(L X D'tot1.19)
power law found by et al. (p ^ 0.90) in theirSchrijver 1989
earlier comparison of X-ray Ñuxes and magnetic Ðeld mea-
surements.

In the future, there are many improvements to be made,
and further investigations of our data set that will be done.
In particular, the magnetogram data can be reanalyzed to
account not only for current-sensitive variables such as Jtot,but also the length of neutral lines and sheared neutral lines

Our large and diverse sample size will(Falconer 1997).
allow us to test more rigorously whether the length of
sheared neutral lines is a predictor of coronal heating. If so,
the morphology of the active regions can be investigated to
see why this is not reÑected in the sensitivity of toL X Jtot.Finally, our work suggests that further and more strin-
gent observational tests of the MCC heating model

are necessary and that further work on(Longcope 1996)
development of the model is needed. A prediction of that
work is that the brightest coronal emission should coincide
spatially with the location of magnetic separator loops,
which can be predicted directly from magnetogram data.
Details of the coronal images, rather than just total lumi-
nosities, must be examined, but with the advent of the new
generation of high-resolution solar coronal imaging instru-
ments (e.g., EIT, TRACE) this is certainly possible. The
model also needs to be developed to the point that a more
quantitative comparison between its predictions for X-ray
luminosity as a function of global magnetic quantities can
be made with the data presented here.

The values of and the global magnetic variables fromL Xthis study can be obtained by contacting George H. Fisher.
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APPENDIX A

APPENDIX: THE MCC HEATING MODEL

has developed a qualitatively new picture for how energy is stored and dissipated in the solar corona. InLongcope (1996)
this model, the MCC, the coronal portion of an active region is described to a Ðrst approximation as the vacuum Ðeld
resulting from a photospheric distribution of point magnetic charges, whose locations correspond to the tops of magnetic Ñux
elements (Ñux tubes) piercing the photosphere (see also Henoux, & Mandrini In a bipolar active region,Demoulin, 1994).
where the positive and negative Ñuxes essentially balance, the corresponding total positive and negative magnetic charges
would also balance. The amplitude of each point charge is equal to the amount of Ñux in a given magnetic Ñux concentration.
As the photospheric Ñux elements are moved around, either by convective motions or because of the dynamics of the
underlying Ñux rope system, the evolving vacuum Ðeld conÐguration would necessarily imply changes in the amounts of
magnetic Ñux connecting one magnetic element to another. If this were exactly true, however, the vacuum approximation
would violate the frozen-in Ñux conditions believed to exist in the highly conducting corona. The motion of the magnetic
charges (Ñux tubes) must therefore result in the formation of currents that maintain the frozen-in condition. It has been shown

& Cowley that the resulting currents Ñow in thin, closed ribbon-like ““ magnetic separator(Longcope 1996 ; Longcope 1996)
loops ÏÏ connecting magnetic null points (where the Ðeld strength is zero). Continued motion of the magnetic charges builds up
the current along these loops until the coronal plasma can no longer sustain the increased current density and the Ðelds near
the separator loop suddenly relax to the new vacuum Ðeld conÐguration corresponding to the new magnetic charge locations.
This releases energy along the coronal loops immediately adjacent to the magnetic separator Ðeld lines.

In the MCC model the average power dissipated by a single separator loop associated with a given(Longcope 1996),
magnetic charge within an active region, moving with speed v, is(

i

P
i
\ hv

I*
2c
K d(v

dx
K
, (A1)

where I* is the ““ characteristic ÏÏ current that will Ñow in the separator loop associated with the motion of that magnetic
charge, d(v/dx is the rate of Ñux change of the vacuum Ðeld through the separator loop with respect to the motion of the given
charge and h is a dimensionless threshold (generally assumed to be small compared with unity), which parameterizes how(

i
,

great the separator loop current can become before it is suddenly dissipated. One can determine from the model how this
dissipation rate scales with the charge and the characteristic length scale l describing the typical distance between opposite(

imagnetic charges in the active region. From Appendix B of and meaning thatLongcope (1996), I* P (
i
/l d(v/dx P(

i
/l,

P
i
P v(

i
2/l2 . (A2)

The power dissipated by the entire active region will consist of a sum of contributions similar to that of with theequation (A1),
possible complication of mutual inductance terms between multiple separator loops (see ° 5 of It isLongcope 1996).
nevertheless clear from that the power dissipated by the active region will in general be dominated by theequation (A2)
motion of the largest magnetic Ñux concentrations If we assume that active regions are ““ self-similar,ÏÏ that is, that the ratio(

i
.

of the largest Ñux concentrations to the total unsigned Ñux is roughly equal for large and small active regions, then we can use
the total unsigned Ñux in an active region as a proxy for the largest charges in The self-similar approach'tot (

i
equation (A2).

can also be used to argue that the area A of the active region can serve as a proxy for the quantity l2. Making these
substitutions into and assuming that one sums over a similar number of the most important magnetic elementsequation (A2)
for both large and small active regions, results in

Ptot P v6 'tot2 /A . (A3)
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