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ABSTRACT

Context. Global relationships between the photospheric magnetic flux and the extreme ultraviolet emission integrated over active
region area have been studied in a previous paper by Fludra & Ireland (2008, A&A, 483, 609). Spatially integrated EUV line intensities
are tightly correlated with the total unsigned magnetic flux, and yet these global power laws have been shown to be insufficient for
accurately determining the coronal heating mechanism owing to the mathematical ill-conditioning of the inverse problem.
Aims. Our aim is to establish a relationship between the EUV line intensities and the photospheric magnetic flux density on small
spatial scales in active regions and investigate whether it provides a way of identifying the process that heats the coronal loops.
Methods. We compare spatially resolved EUV transition region emission and the photospheric magnetic flux density. This analysis
is based on the O V 62.97 nm line recorded by the SOHO Coronal Diagnostic Spectrometer (CDS) and SOHO MDI magnetograms
for six solar active regions. The magnetic flux density φ is converted to a simulated O V intensity using a model relationship I(φ, L) =
CφδLλ, where the loop length L is obtained from potential magnetic field extrapolations. This simulated spatial distribution of O V
intensities is convolved with the CDS instrument’s point spread function and compared pixel by pixel with the observed O V line
intensity. Parameters δ and λ are derived to give the best fit for the observed and simulated intensities.
Results. Spatially-resolved analysis of the transition region emission reveals the complex nature of the heating processes in active
regions. In some active regions, particularly large, local intensity enhancements up to a factor of five are present. When areas with
O V intensities above 3000 erg cm−2 s−1 sr−1 are ignored, a power law has been fitted to the relationship between the local O V line
intensity and the photospheric magnetic flux density in each active region. The average power index δ from all regions is 0.4 ± 0.1
and λ = −0.15 ± 0.07. However, the scatter of intensities in all regions is significantly greater than ±3σ from the fitted model. We
therefore determine for the first time an empirical lower boundary for the IOV − φ relationship that is the same for five active regions.
We postulate that it represents a basal heating. Because this boundary is present in the spatially-resolved data, this is compelling proof
that the magnetic field is one of the major factors contributing to the basal component of the heating of the coronal plasma. We discuss
the implications for the diagnostics of the coronal heating mechanism.
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1. Introduction

The hot plasmas in the solar corona and transition region emit
radiation at X-ray and extreme ultraviolet (EUV) wavelengths,
which can then be used to diagnose the conditions of the plasma.
The question of what heats the coronal plasma to temperatures
from 20 000 K to several million K has been pursued for the
past three decades. One of the approaches to the search for the
coronal heating mechanism has been to study the relationships
between the X-ray and EUV line emission and the photospheric
magnetic field in solar active regions. Past research has shown
that the total intensity of EUV spectral lines and a broad-band
X-ray flux summed over an entire active region are related to the
global magnetic quantities (e.g., Fisher et al. 1998; Pevtsov et al.
2003; Fludra & Ireland 2008).

The expectation of such analysis was that these well-defined
relationships could be compared to theoretical predictions from
the many models of coronal heating and provide constraints to
identify the correct model. The attractiveness of the global power
laws extending sometimes over several orders of magnitude led
many researchers into believing that these power laws offer a

direct recipe for deriving the heating mechanism. However, such
conjectures were only qualitative and largely unsubstantiated.

Fludra & Ireland (2008) presented for the first time a detailed
analysis of the diagnostic capability of the power index, α, in
the global relationship, IT = CΦα, where Φ is the total unsigned
magnetic flux in the active region. They have exposed limitations
of the global analysis and shown that the inverse problem of de-
riving the I − φ relationship between the emission from a single
loop and the magnetic flux density, φ, at its footpoint, from the
global IT−Φ relationship is mathematically ill-conditioned, par-
ticularly for the transition region lines, where α < 1.

Despite the shortcomings and uncertainties inherent in the
global analysis, they were able to estimate that, under the as-
sumption of hydrostatic equilibrium, the power index γ charac-
terising the volumetric heating rate EH ∝ φγ lies in a broad but
still useful range of 0.6 < γ < 1.1.

A novel extension of the global analysis was proposed by
Fludra & Ireland (2003) who replaced the total unsigned mag-
netic flux with spatially resolved magnetic flux density while
keeping the spatially integrated EUV line intensities. This re-
sulted in an integral equation that had the form of a Laplace
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Table 1. List of active regions.

AR No. NOAA number Date CDS start time MDI time CDS centre Bmax

(UT) (UT) (X′′, Y ′′) Mx cm−2

1 N/A 1997-02-28 02:10:16 01:39:04 (0, 216) 708.0
2 N/A 1997-05-08 04:19:39 03:16:05 (0, –442) 560.0
3 08102 1997-11-04 02:04:49 01:35:04 (0, 436) 1234.0
4 08111 1997-11-29 01:42:50 01:36:04 (0, 436) 1425.0
5 08135 1998-01-19 03:42:51 03:12:03 (0, –223) 880.0
6 08237 1998-06-13 05:43:40 04:48:04 (0, –442) 974.0

transform and could be analytically inverted to obtain the depen-
dence of intensity in individual coronal loops on the magnetic
flux density at their footpoints.

In this paper we study a third approach, which uses both spa-
tially resolved EUV intensities and spatially resolved magnetic
flux density. This was attempted by Aschwanden et al. (1999) to
compare active region coronal loops with the photospheric mag-
netic flux at their footpoints, a task made difficult by the need
to project a coronal loop precisely to the photospheric level. It
would appear that such spatially resolved comparisons would be
easier for the transition region emission, which often is expected
to be located above the loop footpoints. Fludra & Ireland (2004)
did such preliminary analysis for a few active regions observed
by the SOHO Coronal Diagnostic Spectrometer (CDS). That
such comparisons have not been done for the CDS observations
before was due to a technical problem of a precise co-alignment
between pixels of rastered images obtained with a spectrometer
and magnetograms (see Sect. 2.1). Here we expand and refine
the work of Fludra & Ireland (2004), including the loop lengths
obtained from magnetic field extrapolations, and discuss the di-
agnostic capability of the combined EUV and magnetic data to
determine the heating rate dependence on the magnetic flux den-
sity.

Studies of the transition region have received considerable
attention since the launch of SOHO, to characterise and un-
derstand the dynamic behaviour and variability of the transi-
tion region emission both in the quiet sun and active regions
(e.g., Fludra et al. 1997; Harrison et al. 1999; Fludra 1999,
2001; Parnell et al. 2002; Jordan et al. 2005). Data from the
SOHO Coronal Diagnostic Spectrometer (Harrison et al. 1995)
have played a significant role in these investigations, providing
measurements of several strong spectral lines, including He I
58.43 nm and O V 62.97 nm. Spectral line profiles are useful
for measuring velocity and intensity oscillations in the quiet sun
and active regions, random intensity fluctuations (brightening
events), flow velocities and their statistical properties. To deter-
mine the mechanism responsible for intensity bursts, however,
line intensities need to be compared to the underlying photo-
spheric magnetic field. Such comparisons have been rare, e.g.,
Tarbell et al. (1999) showed the spatial and temporal correspon-
dence of O V intensity fluctuations with the magnetic dipole can-
cellation.

In this paper, we carry out a detailed comparison between
the transition region emission and the magnetic field in active
regions. We address the following questions: (a) what is the rela-
tionship between the intensities of the O V 62.97 nm line and the
photospheric magnetic field on small spatial scales of a few arc-
seconds. Is this relationship as well defined as it is for the global,
spatially integrated quantities? (b) Is it the same in different ac-
tive regions? (c) can the transition region emission be used to
study the heating mechanism in active regions; (d) can the EUV
emission in coronal loops be predicted from the magnetic field

at the loop footpoints? Section 2 describes the data and analysis
procedures. Results are discussed in Sect. 3.

2. Data analysis

The wavelength range of CDS covers lines emitted at tempera-
tures from the low transition region at 3 × 104 K to the hottest
parts of active coronal loops at several million degrees. A full
description of the CDS is given by Harrison et al. (1995) and
application to active region observations is shown by Fludra
et al. (1997). The data discussed in this paper were recorded
by the Normal Incidence Spectrometer using a 2 × 240 arcsec
slit. At each slit position, an exposure of 15 s duration was taken
and four wavelength windows, centred on selected spectral lines
were extracted and transmitted: He I 58.43, O V 62.97, Mg IX
36.81, Fe XVI 36.08 nm. The width of the spectral windows was
sufficient to include the full line profile and adjacent background.

After each exposure, the scanning mirror is rotated by one
step, equivalent to the width of the slit, so that the adjacent area
of the Sun is presented to the slit, another exposure is taken, the
mirror is rotated again, and so on, until the whole required area
of the Sun is covered. A maximum area that can be covered by
the CDS raster without repointing the instrument is 4×4 arcmin2.
The spatial dimensions of the raster elements (pixels) are 2 arc-
sec in the EW direction and 1.68 arcsec in the N S direction.

We select six regions observed by the CDS synoptic data
taken between February 1997 and June 1998 (Table 1). Four of
the synoptic spectral lines (He I, O V, Mg IX, and Fe XVI) were
previously analysed in the study of global relationships, IT − Φ,
by Fludra & Ireland (2008). The Fe XVI 36.08 nm line was anal-
ysed separately by Fludra & Ireland (2003), to illustrate the ap-
plication of their new inverse method to the IT − Φ relationship.
In this paper, we analyse only the transition region line O V
62.97 nm, using CDS rastered images (2′′ × 1.68′′ pixels) and
comparing them to SOHO MDI magnetograms (Scherrer et al.
1995) with 2′′ × 2′′ pixels.

The CDS raster pointing is known with an uncertainty of ap-
proximately up to ±6′′. As we require a co-alignment between
the CDS rasters and MDI magnetic field comparable to the size
of the CDS and MDI pixels (2′′), this is achieved by cross-
correlating individual CDS rasters with MDI (see Sect. 2.1). We
restrict the present study to active regions that fully fit into the
4′ × 4′ area of one CDS raster – this minimises the time taken
to obtain a CDS map of the active region and minimises co-
alignment errors between CDS and MDI.

The magnetic flux density is taken from full disk line-of-
sight magnetograms recorded by the MDI instrument on SOHO
with a 2′′ ×2′′ spatial resolution. These magnetograms are taken
every 96 min, therefore, they do not coincide exactly with the
time of CDS rasters. We choose the magnetogram closest in time
to the start of the CDS raster. We use magnetograms with the
latest calibration available from December 2008.
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Fig. 1. MDI magnetograms for active regions 1 (top), 2 (middle) and
3 (bottom) from Table 1. Contours correspond to absolute magnetic
flux density of 90 Mx cm−2. Bmax,b and Bmax,w are maximum values
(Mx cm−2) of the negative (black) and positive (white) polarity, respec-
tively.

Fig. 2. Same as Fig. 1, but for active regions 4 (top), 5 (middle) and 6
(bottom).

Additionally, the magnetic flux density has been corrected
for the line of sight projection. Assuming a radial magnetic field,
the correction factor depends on the latitude and longitude.

Within a box enclosing the EUV emission of the active re-
gion, the magnetograms contain both low values of the magnetic
flux density characteristic of the quiet sun, and high values char-
acteristic of active regions. We define the active region magnetic
area by using a fixed threshold of Bth = 90 Mx cm−2 (Fludra
& Ireland 2008). For old, uncalibrated MDI data available in

1996–2007 this corresponds to a threshold of approximately
50 Mx cm−2. Figures 1 and 2 show SOHO/MDI magnetograms
for the six regions analysed in this paper, where the displayed
area is the same as the analysed CDS field of view. Contours
in Figs. 1 and 2 correspond to the absolute value of the mag-
netic flux density of 90 Mx cm−2. The histograms of the mag-
netic flux density inside the contours, when binned with a step
of 10 Mx cm−2, are approximately exponential. An example
histogram is shown by Fludra & Ireland (2008, their Fig. 2).
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Maximum values of the absolute magnetic flux density in each
region, Bmax, are listed in Table 1.

2.1. Comparison of spatially resolved data

We adopt the following procedure of aligning the CDS O V
rasters with the MDI magnetograms:

Following Fludra & Ireland (2003), we assume that a spec-
tral line intensity emitted from a loop depends on the magnetic
flux density at its footpoints and the loop length. In other words,
each magnetic pixel, with the unsigned magnetic flux density φ,
is located at a footpoint of some coronal loop with length L
and contributes intensity I(φ, L) to the emission from that loop,
where the function I(φ, L) may be different for different spec-
tral lines. Moreover, for lines emitted at transition region tem-
peratures (105−4 × 105 K) we assume that their emission is lo-
cated so close to the loop footpoints that, for practical purposes,
the projection of the emission onto the photosphere overlaps the
magnetic field concentrations at the footpoint for active regions
observed at the solar central meridian with a spatial resolution
of 2′′ × 2′′.

To derive loop lengths, we extract a large array (typically,
greater than 500 × 500 pixels, i.e., 17′ × 17′) from the full disk
MDI magnetograms. The selected area contains the analysed ac-
tive region and occasionally other regions nearby that may in-
fluence the coronal magnetic field. The magnetic flux density is
then corrected for the line of sight projection, assuming a radial
magnetic field.

Subsequently, we perform potential magnetic field extrapo-
lations using the method described by Warren & Weinebarger
(2006), then trace magnetic field lines originating in every pixel
that has |B| > 30 Mx cm−2, and store loop lengths for those pix-
els.

The observed CDS raster is corrected for the effect of the
solar rotation which shortens the apparent distance between fea-
tures in the E-W direction because the CDS slit moves from west
to east (direction opposite to the solar rotation) during rastering.
Although the effect is small, it may lead to a misalignment of
the magnetic and EUV features by up to 6′′ for a 4′ × 4′ raster
of 40-min duration. Therefore, the CDS raster is first re-binned
to a very fine grid with a step of 0.1′′ along each axis, and then
stretched by interpolation along the E-W direction to a spatial
grid that is free from the effect of the solar rotation, so that the
distance between various features in the E-W direction becomes
a true distance on the solar surface. The CDS raster is then re-
binned back to a coarser pixel size of 2′′ × 2′′ by averaging
twenty 0.1′′ sub-pixels in each direction. This corrected raster is
subsequently used for all comparisons with the MDI magnetic
field data which also has 2′′ × 2′′ pixels.

To align the MDI and CDS data, a simulated intensity image
in the O V 62.97 nm line is calculated from the MDI magne-
togram by assuming

I(φ, L) = c1|φ|δLλ (1)

for δ = 0.5, λ = −0.25 and c1 = 1, where φ is the mag-
netic flux density in each MDI pixel. This simulated intensity
map is smeared out by convolving it with a spatial point spread
function (PSF) of the CDS NIS spectrometer. The PSF is a
2D Gaussian with full width at half-maximum FWHMX = 1.7′′
in the E-W direction, FWHMY = 8′′ in the N-S direction (along
the slit), and an angle of 12 degrees clockwise from the N-S
direction to the longer axis of the Gaussian. The PSF is first cal-
culated with a 0.5′′ step, then each four points along the PSF are
summed to provide a representation of PSF with a 2′′ step.

The observed CDS rastered image is then stepped across the
large simulated O V image and a cross-correlation function is
calculated between the observed CDS image and the simulated
CDS image for each relative position of the two arrays. The off-
set between the two images that gives a maximum value of the
cross-correlation is used to align the two arrays, and a sub-array
is extracted from the MDI magnetogram with a size equal to the
size of the observed O V image. Another sub-array containing
corresponding magnetic loop lengths is extracted from the pre-
viously calculated loop lengths array.

For further analysis, we assume that the O V line intensity
in each pixel is given by Eq. (1). We vary δ from 0 to 1.2 with a
step of 0.05. For each value of δ, the index λ is varied from −0.6
to 0.6 with a step of 0.01. For each pair (δ, λ), a simulated O V
intensity is calculated using Eq. (1) with c1 = 1, applied to each
pixel of the MDI magnetogram. This 2D array is then convolved
with the CDS PSF to give a simulated (predicted) O V image.

To mitigate the effect of a possible misalignment of the CDS
and MDI arrays due to a finite, 2′′ × 2′′ pixel size, we subse-
quently rebin the observed and simulated O V arrays to coarser
4′′ × 4′′ pixels, and use these larger pixels in the fitting process
described below.

A preliminary analysis of our data revealed that the relation-
ship given by Eq. (1) does not hold for many of the pixels (see
Sect. 3). These pixels are characterised by much higher intensity
of the O V line than predicted from Eq. (1), by up to a factor of
five. Such outliers can significantly affect the value of χ2 and the
resulting fit. We discuss the nature of these deviations in Sect. 3
and conclude that they are caused by short-term temporal vari-
ability of the heating episodes and cannot be used to derive the
quasi-steady heating.

This finding led us to restrict the range of O V intensities be-
low 3000 erg cm−2 s−1 sr−1 to remove the largest deviations, and
fit the model to all points below this threshold, also removing
any remaining outliers with unusually low intensities that devi-
ate more than ±3 standard deviations from the mean value.

For each pair (δ, λ), the constant c1 is calculated to min-
imise χ2 that compares the observed and simulated intensities
for selected pixels:

χ2 =
∑
i, j

((Iobs,i, j − Isim,i, j)/Wi, j)2, (2)

here, Iobs,i, j and Isim,i, j are local intensities observed and simu-
lated, respectively, in pixel (i, j) and Wi, j are weights. We assume
Wi, j = Iobs,i, j.

In addition, we also use a secondary goodness-of-fit crite-
rion, the least absolute deviation, that is less sensitive to occa-
sional outliers in data. It minimises the sum of the absolute value
of the residuals:

S =
∑
i, j

|Iobs,i, j − Isim,i, j|. (3)

The least absolute deviation fit adds a constant c0 to Eq. (1).
A second, novel way of fitting the model is to adjust its pa-

rameters to reproduce the shape of the lower boundary of the
observed O V intensities. This is equivalent to making an as-
sumption that the lower boundary represents the minimum basal
heating and any statistically significant deviations from it result
from time-variable heating. This approach has been adopted in
retrospect, when the first method revealed that the data points
show a large scatter around the fitted model.
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Table 2. Fitted values of δ, λ, and C, obtained by minimising χ2 and S criteria.

AR No. Date CDS Start (UT) δ(χ) δ(S ) λ(χ) λ(S ) C1(χ) C0(S) C1(S) N90
a P%b ERc

1 1997-02-28 02:10:16 0.30 0.40 –0.18 –0.24 584.9 171.6 369.1 327 41 1.18
2 1997-05-08 04:19:39 0.45 0.35 –0.18 –0.14 322.0 -62.3 424.3 609 80 1.86
3 1997-11-04 02:04:49 0.40 0.50 –0.22 –0.26 490.6 168.8 275.8 929 77 1.68
4 1997-11-29 01:42:50 0.35 0.35 –0.02 –0.07 252.9 -22.7 301.3 956 75 2.10
5 1998-01-19 03:42:51 0.45 0.60 –0.14 –0.18 268.1 368.9 93.7 557 77 1.58
6 1998-06-13 05:43:40 0.25 0.35 –0.10 –0.12 599.1 196.5 221.8 1384 76 1.67

Notes. (a) N90 is number of points above the threshold (|B| > 90 Mx cm−2); (b) P% is a percentage of points above Iup = Ibou + 3σ; (c) ER is an
average ratio of observed intensities to Iup, for intensities greater than Iup.

3. Results

Table 2 lists the optimum values of (c1, δ, λ) that give the mini-
mum of χ2 (Eq. (2)), and optimum (c0, c1, δ, λ) that give the min-
imum of S (Eq. (3)). As stated in Sect. 2.1, the model is fitted to
all points below the intensity threshold of 3000 erg cm−2 s−1 sr−1

for each active region. These fitted parameters can be different
for different regions. The two fitting criteria, χ2 and S , can also
give different parameters for a given region. An average value of
all values of δ is 0.4, with a standard deviation of 0.1. An aver-
age value of all values of λ is −0.15 with a standard deviation
of 0.07. The dependence on L for individual active regions has
been determined for the first time from spatially resolved analy-
sis.

Figures 3 and 4 show images of the observed O V inten-
sities and the predicted intensities for the optimum values of δ
and λ. Contours show the absolute magnetic flux density |B| =
90 Mx cm−2.

Figures 5 and 6 show how χ2 and S vary with δ and λ for
each active region. The plots are colour-coded so that lower val-
ues of χ2 and S are darker and high values are white. The crosses
show the minimum of χ2 and S . The contours for χ2 is 2% above
the minimum value, and the contours for S are 1% above the
minimum value.

Figures 7 and 8 (left columns) show the comparison of sim-
ulated and observed O V intensities for all six active regions, for
the optimum value of (δ, λ). Plots in the right column of Figs. 7
and 8 show the same relationship after the observed O V inten-
sities have been sorted in the same order as ascending simulated
intensities, and then smoothed with a 5-point running average.
This procedure significantly reduces the scatter and the points
are well aligned along the y = x line, suggesting that the scatter
is due to a random process.

Figures 9 and 10 show the comparison of the simulated and
observed intensities in a different way. Here, the simulated in-
tensities I(φ, L) from Eq. (1) (shown previously in the right-hand
side of Figs. 3 and 4) have been re-calculated for the optimum
fitted value of δ and λ and sorted in ascending order. They are
shown as continuous lines. The X axis in these plots is the num-
ber index of this sorted, simulated intensity array – the values
on the X axis are always integers going from 1, 2, 3, ... to the to-
tal number of pixels used in the analysis. Subsequently, the ob-
served intensities have been sorted in the same order as the sim-
ulated intensities and overplotted as crosses. This plot allows us
to compare the scatter of observed intensities corresponding to
each value of the simulated intensity.

The Y axis in Figs. 9 and 10 has been normalised to a com-
mon value of 8000 erg cm−2 s−1 sr−1. These plots illustrate
that three of the active regions: region 2 (Fig. 9), region 4 and
6 (Fig. 10), contain areas with very high intensities, up to a
factor of five greater than the predicted intensities. Moreover,

one can see that there is a large scatter of observed intensities
in these three regions, significantly exceeding statistical vari-
ation, as discussed below. Since the largest scatter is present
for stronger magnetic fields, we assume that this scatter is due
to time-variable heating that cannot be described by the model
given by Eq. (1).

Figures 11 and 12 are similar to Figs. 9 and 10, but the Y axis
has been limited to 3000 erg cm−2 s−1 sr−1. Another difference is
that the simulated intensities are calculated for a common value
of δ = 0.45 and λ = −0.20 for all six regions (see Eq. (5)). As
before, these simulated intensities have been sorted in ascending
order. The crosses are observed intensities sorted in the same
order as the simulated intensities. The optimal fitted model (for
optimal δ and λ from Table 2) is shown again as a continuous
line. The other two lines shown in these plots, dashed and dash-
dotted, will be explained below.

The scatter of points around the fitted model is still signif-
icantly greater than ±3σ, suggesting that possibly most of the
areas of the active regions undergo time-variable heating. Our
second approach, therefore, is to fit a model to a band of points
closest to the lower boundary of the plot in Figs. 11 and 12.
This would represent the minimum basal heating level. We have
found that the following formula:

Ilow = Ibou − 3σbou (4)

matches the lower boundary of the scatter plot in Figs. 11 and 12
for active regions 2–6, where Ibou is given by the empirical equa-
tion:

Ibou(φ, L) = 210|φ|0.45L−0.20, (5)

here, φ is expressed in Mx cm−2, L in arcseconds, and inten-
sity in erg cm−2 s−1 sr−1. The statistical error σbou is calculated
as before, using the CDS formula from Thompson (1998). For
the exposure time of 15 s and using the intensity units as listed
above, σbou =

√
(4.66Ibou).

We find that Ilow given by Eqs. (4) and (5) produces accept-
able representation of the shape and the absolute scaling of the
lower boundary for five out of the six active regions (shown as
dashed line in Figs. 11 and 12). The dash-dotted line in Figs. 11
and 12 represents Iup = Ibou + 3σbou and is therefore greater by
6σbou than the lower boundary Ilow. The range between Ilow and
Iup can be explained by statistical variations. This range, how-
ever, is quite narrow. As shown in the last column marked P%
in Table 2, over 75% of points in regions No. 2–6 have intensi-
ties greater than Iup. The average intensity enhancement above
Iup for these points is given in the last column marked ER. These
deviations must be explained by other processes.

The only region where Ilow does not quite match the lower
boundary of the plot is region 1. The dashed line and dash-dotted
line for region 1 in Fig. 11 were adjusted by multiplying Ibou by
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Fig. 3. Observed O V emission (left column) and O V emission predicted from MDI magnetograms (right column) using optimum fitted parameters,
for active regions 1 (top), 2 (middle) and 3 (bottom) from Table 1. Pixel size is 2′′ × 2′′. Contours correspond to absolute magnetic flux density of
90 Mx cm−2.

1.25. Since region 1 is the earliest in time of the six regions,
this deviation could indicate that the time-dependent part of the
intensity calibration of the CDS/NIS spectrometer may need to
be corrected.

The errors of the three parameters in Eq. (5) are estimated
in the following way. We used the average fitted δ and λ as
a starting point, initially adjusting only C1 to match the lower

boundary. We find that δ does not require adjustment, there-
fore, we use the average error on δ as derived from the fit:
δ = 0.45 ± 0.1. Some disagreement between the observations
and the model can be seen near the end of the distribution, and
can be removed by changing the value of λ. Lambda affects
how steep the boundary is near the end of the distribution –
the curve becomes steeper with increasing λ. For λ = 0.15 the
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Fig. 4. Same as Fig. 3, but for active regions 4 (top), 5 (middle) and 6 (bottom). The black arrow marked “A” in the bottom-left panel shows one of
the areas where the observed O V emission is five times brighter than the predicted emission.

curve is too flat, for λ = 0.25 the curve is too steep. Therefore,
we use λ = 0.20 ± 0.05, where the error 0.05 is close to the
error of 0.07 obtained from the average of six regions. The
relative error of the constant C1 = 210 ± 27 is estimated by

averaging (Iup − Ilow)/(2Ibou) for all data points, for delta = 0.45,
lambda = 0.20. This relative error is similar in all six active re-
gions, and its average value is ±13%.
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Fig. 5. Dependence of χ2 (left column) and S (right column) on the
power indeces δ and λ for active region 1 (top), 2 (middle) and 3 (bot-
tom) from Table 1. Contours correspond to 2% and 1% above the mini-
mum values for χ2 and S , respectively.

Fig. 6. Same as Fig. 5, but for active region 4 (top), 5 (middle) and 6
(bottom).

This second approach then attempts to analyse the basal
heating responsible for the lowest values of intensities seen in
less than 25% of pixels in regions 2–6. It can be seen from
Figs. 11 and 12 that all regions at all values of the magnetic field
show significant deviations above this minimum-heating state.

In addition to statistical errors, there are at least four other
possible reasons for the deviations of the O V intensity from
the model predicted from Eq. (1): (1) in some loops, the ac-
tual loop length may differ from the length derived from the
potential magnetic field extrapolation; (2) part of the O V emis-
sion may arise at loop tops of very short loops, and not at loop
footpoints; (3) the heating mechanism depends on an additional
factor other than B and L, for example, non-potentiality of the
magnetic field; (4) time variability of the O V emission on all
time scales, from minutes to tens of minutes, due to the heat-
ing mechanism in many loops being highly intermittent. For ex-
ample, there may be a sudden release of accumulated magnetic
stress, as in flares. In such a case, there can be little change in
the photospheric magnetic flux density but a substantial change
of the O V line intensity. The CDS raster takes 40 min to com-
plete. Moreover, sometimes there is a difference of up to one
hour between the time of the magnetogram and the start of the
CDS raster. Therefore, it is likely that the line intensities change
in this time period. In particular, the OV emission can be quite
variable on time scales of the order of minutes to tens of minutes.
Figure 13 shows an example of a time series taken in the O V line
in an active region plage (NOAA8249 on 23 June 1998). This re-

gion was previously analysed for the presence of oscillations in
a sunspot plume (Fludra 1999). Here we present a time series
in a plage area near a sunspot, recorded in a 4′′ × 3.4′′ pixel.
In this two-hour interval the O V intensity shows bursts by up
to 100% on time scales of several minutes. This is quite a typ-
ical behaviour of the O V intensity in brighter areas of many
active region plages. For this time series, the 1σ statistical error
is in the range 4–6%, so the variations are real. Another exam-
ple of variable O V emission in active regions is given by Fludra
et al. (1997; see their Fig. 9). Parnell et al. (2002) describe a par-
ticular type of transition region brightenings named “active re-
gion blinkers” that have intensity enhancement between a factor
of 1.8 and 3.3 and lifetime of approximately 16–19 min. These
events are attributed to density enhancement; (5) the final possi-
ble reason partially responsible for the deviations from the model
is the fact that the photospheric magnetic field also evolves and
can change both its spatial distribution and the flux density on
time scales of one hour, separating the CDS rasters and MDI
magnetograms, thus also contributing to the scatter.

3.1. Coronal heating

Clearly, on small spatial scales (4′′ × 4′′ pixels) the relation-
ship between the O V 62.97 nm line intensity and the magnetic
flux density has much greater scatter than in spatially integrated
IT − Φ plots (see Fludra & Ireland 2008; their Fig. 4). We at-
tribute this scatter largely to a time variable heating component.
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Fig. 7. Comparison of observed and simulated O V intensities (I ∝
|φ|δLλ) for the optimum values of δ and λ, for active regions 1 (top), 2
(middle) and 3 (bottom) – see Table 1 for region details. Intensities are
in units of erg cm−2 s−1 sr−1. Panels in the left column show the original
data, where crosses denote pixels with absolute magnetic flux density
φ > 90 Mx cm−2, used to calculate χ2. Pixel size is 4′′ × 4′′ . Panels in
the right column show the observed O V intensities smoothed with a
5-point running average. The continuous line is an y = x relationship.

Fig. 8. Same as Fig. 7, but for active regions 4 (top), 5 (middle) and 6
(bottom).

We defer addressing the mechanism of the time variable heating
to a future paper. Here we consider the hypothesis that the lower
boundary of the scatter plots in Figs. 11 and 12, which we called
the basal heating, represents a quasi-steady heating component
and we use the assumption of static loops to infer the heating
rate for this component.

The intensity of a transition region line emitted from a
static loop is (Martens et al. 2000; Fludra & Ireland 2008, their
Eq. (7)):

IOV = cP
∫ T2

T1
G(T )dT (6)

where P is plasma pressure and G(T ) is the line emissivity.
Combining this with Eq. (5), we obtain P ∝ φ0.45 L−0.20. For
static loops, where P = E6/7

h L5/7 (Rosner et al. 1978), we obtain
the volumetric heating rate Eh ∝ φ0.5L−1.

The power index of 0.5 is lower than the range of 0.6−1.1
derived from the global analysis of the O V emission by Fludra
& Ireland (2008). It is also lower than the index of 1.0 obtained
by Schrijver & Aschwanden (2002) from simulations of solar
and stellar soft X-ray emission, and the index of 0.9 obtained by
Yashiro & Shibata (2001) based on data from the Yohkoh Soft
X-ray Telescope.
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Fig. 9. Comparison of observed OV line intensities with the fitted model
(I ∝ |φ|δLλ) for optimum δ and λ, for active regions 1 (top), 2 (mid-
dle) and 3 (bottom), using 4′′ × 4′′ pixels. Intensities are in units of
erg cm−2 s−1 sr−1. The continuous line are fitted values, sorted in as-
cending order. Crosses are corresponding observed intensities. These
plots include all pixels with |B| > 90 Mx cm−2.

The difference between the result of this paper and the global
analysis of Fludra & Ireland (2008) of the same O V spectral
line can be explained by the fact that the global analysis does
not separate the time variable and quasi-static heating. Intensities
of all pixels are summed, and all high-intensity pixels therefore
contribute to the total intensity. These pixels, with the largest
intensity scatter present in high-B pixels, could make the slope
of the I − B relationship steeper in the global analysis. This is an

Fig. 10. Same as Fig. 9, but for active regions 4 (top), 5 (middle) and 6
(bottom).

additional factor to be added to the warnings stated by Fludra &
Ireland (2008) that the global analysis is a rather inadequate tool
for diagnosing the coronal heating mechanism.

A comparison with results obtained for the coronal emis-
sion is more difficult. First, the same explanation applies as
in the previous paragraph, as all coronal results are also based
on spatially-integrated quantities. Intensities produced by time-
variable heating are then summed and analysed together with
those arising from the quasi-steady heating. However, the coro-
nal emission in active region loops does not appear to fluctuate
as rapidly and with as high amplitude as the transition region
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A. Fludra and H. Warren: Radiative and magnetic properties of active regions. II.

Fig. 11. Comparison of observed and predicted OV line intensities for
active regions No. 1 (top panel), 2 (middle) and 3 (bottom), using
4′′ × 4′′ pixels. Intensities are in units of erg cm−2 s−1 sr−1. The
dashed line is Ilow = Ibou − 3σbou (Eq. (4)), and dash-dotted line is
Iup = Ibou + 3σbou, where Ibou is given by Eq. (5). Simulated intensities
are sorted in the ascending order. Crosses are corresponding observed
intensities sorted in the same order as Ilow. The continuous lines are
predicted intensities for optimal fitted δ and λ, sorted in the same order
as Ilow.

emission, with the exception of flaring episodes. The question
therefore remains as to whether we are comparing the same
heating process – it is possible that the basal heating observed
in the O V transition region line in the pixels comprising the
lower boundary in Figs. 11 and 12, and the heating of loop tops
observed in coronal lines are two independent processes taking
place at different heights or occurring in magnetic structures not

Fig. 12. Same as Fig. 11, but for active regions 4 (top panel), 5 (middle)
and 6 (bottom).

connected with each other. However, even if this basal O V emis-
sion was due to unresolved events on small spatial scales orig-
inating in magnetic threads that are far from equilibrium, the
existence of a common lower boundary in five active regions
suggests that this emission is generated by a universal process
well predictable from the magnetic flux density.

4. Summary

In this paper we have expanded the previous analyses of the rela-
tionships between the EUV and X-ray intensities, and the mag-
netic flux. Fludra & Ireland (2008) discussed the inadequacy of
the global, spatially integrated quantities for the determination
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Fig. 13. 2-h time series of the intensity of the O V 62.97 nm line from
a 4′′ × 3.4′′ pixel, in an active region plage of NOAA 8249 on 23 June
1998. The intensity has been multiplied by the exposure time of 10 s
and is expressed in photons.

of the coronal heating mechanism. We have therefore used spa-
tially resolved data to study these relationships on a pixel-by-
pixel basis. We have analysed six active regions, observed by
the SOHO CDS in the transition region line O V 62.97 nm. The
CDS rastered images were co-aligned with the magnetic flux
density extracted from full disk SOHO MDI magnetograms, and
the O V line intensities in each CDS pixel were compared with
the magnetic flux density. We have found that in three of the
active regions (region 2, 4 and 6 from Table 1) there are areas of
highly enhanced O V intensities that deviate from the relation-
ship given by Eq. (1) by up to a factor of five. These enhanced
intensities are associated with stronger magnetic field concen-
trations and are attributed to micro-flaring events. These pixels
have been omitted from the fitting of Eq. (1). When the inten-
sities below the threshold of 3000 erg cm−2 s−1 sr−1 were fitted
with Eq. (1), the derived power indeces, averaged over the six
active regions, are δ = 0.4 ± 0.1, λ = −0.15 ± 0.07. The scat-
ter around this fit is still significantly greater than ±3σ statisti-
cal error. This can be caused by a number of effects: imprecise
alignment of the MDI and CDS arrays due to a finite pixel size,
temporal variability of O V intensities, non-potential nature of
the magnetic field affecting the estimates of the loop lengths,
or the need for a more complex heating model, involving other
quantities in addition to φ and L.

We have subsequently adjusted the parameters of the model
to match the lower boundary of the O V intensity distribution in
Figs. 11 and 12, and obtained δ = 0.45, λ = −0.20, c1 = 210
(Eq. (5)). We suggest that this represents a basal heating of the
transition region plasma in active regions through a universal
process that is well characterised by the magnetic loop density
and loop length.

In summary:

(1) We have shown that the relationship between the O V inten-
sities and the magnetic field on small spatial scales of a few
arcseconds is characterised by a large scatter much greater
than the statistical noise and greater than that seen for the
global, spatially-integrated quantities.

(2) We have found for the first time an empirical formula that
provides a lower boundary on the O V intensities that can be
predicted from the magnetic flux density and loop length.
The existence of this lower boundary, common to five of
the analysed active regions, demonstrates conclusively the

primary role of the magnetic field in heating the transition
region plasma.

(3) The scatter of intensities above the lower boundary, over and
above the statistical noise, is highly suggestive of the pres-
ence of ubiquitous temporal variability of the intensities. The
energy input to the magnetic loops in active regions is there-
fore likely to be variable in time, and the formula linking
the heating rate to the magnetic field should include time-
variable effects in addition to the photospheric magnetic flux
density (or field strength) and loop length.

(4) We have therefore demonstrated that: (a) the spatially-
resolved analysis shows the presence of the basal heating in
less than 25% of pixels. If this basal relationship between the
intensities of the O V line and the magnetic flux density is
attributed to steady heating, we can estimate the dependence
of the volumetric heating rate on φ and L using scaling laws
for static loops; (b) this analysis can detect deviations from
the basal heating and identify areas of strongly enhanced in-
tensities which undergo micro-flaring.

This is the first detailed analysis of the relationship between the
EUV transition region emission and the magnetic field in active
regions, done using spatially resolved EUV line intensities and
photospheric magnetograms. This work reveals a great complex-
ity of the problem, where the basal heating can be masked by a
significant temporal variability of the transition region emission
in active region loops. Past analyses using spatially-integrated
quantities were unable to distinguish between the steady and
variable components. It is clear that observations with high tem-
poral and spatial resolution, and a good alignment between the
EUV emission and vector magnetic data are necessary to solve
the coronal heating problem.
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