R.T.J McAteer CUME #387

This exam has a total of 100 available points. It is based on concepts.of solar flare
emission (Q1; 25 points), magnetic field instrumentation (Q2; 40 points}) and solar flare
energies (Q3; 35 points) as discussed in the accompanying paper by Schrijver, ApJL,
655, L117. You do not have to read the paper in detail, but you should spend 10 minutes
reading the abstract and making yourself familiar with the figures and conclusions.

There are 100 total points available. A grade of 70% is expectedto be a passing grade.

Calculators are only to be used for calculations.
Show all work for full points.

Attempt all parts of all questions.

Take a new page for each part of each guestion.

Constants and Equations.

1AU = 215 Solar radii

By definition, 1 Mxcm2=1 G

Bohr magneton, Us=9.27 x 102! ergs G-1

. Planck constant, h = 6.63 x 1027 ergs

Speed of light, c=3x 108 m s

Ampere’s law, VX B = toJ

By conversion, 1 Joule = 107 ergs

Boltzmann constant, ks = 1.38 x 10-16 erg K-

Ethermal ~ 3NKBgT, for a population of N particles at temperature TK)




1: This question is about the basis of a black body spectrum, as applied to solar data
discussed in the paper. There are 25 points available for this question.

The Planck intensity of a black body spectrum is

2he? 1
A gmeT _ 1

B\(T) =

(a) On one set of axes, provide a sketch of the black body spectrum of the Sun
(5500K), an M star, and a B star. Ensure you iabel the axes, including the
approximate locations of the visible red edge, visible blue edges, UV range and
IR range

5 points
(b) The author comments on using both optical data (MDI, centered on 6768A)
and UV data (~1600A). Calculate the ratio of the intensities of a black-body Sun

(T=5500K) at these wavelengths.
10 points

(c) Comment on the implication of your resuit in 1(b) for the change from a solar
absorption spectrum in the photosphere to the emission line spectrum in the

corona.
5 points

(d) The solar constant is 1026 W, whereas a solar flare produces 1021W.

Why are solar flares observable, at all, above background solar emission? (2
points)

Comment on why TRACE and GOES can easily observe solar flares. (1 point)
Comment on the visibility of similar sizes of flares on a B star. (2 points)

(HINT: You may wish to reference your sketch to Q1(a) above)
5 points




2. The paper discusses selection effects and limitations that arise from the
instrumentation available for the study. There are 40 points available for this

question.

(a) SOHO MD! creates magnetograms using the ‘normal’ Zeeman effect. A single
atomic transition creates a spectral line at wavelength Ao With a magnetic field
present, this is split into two upper energy levels.

(i) By assuming the resuiting energy split is governed by the equation for a
Bohr magneton (AE = Ug B), where B is magnetic field (G), show that the
equation (in cgs) for the wavelength separation of the two resulting
spectral lines is

AA~5x 105 B A2
(HINT Use the equation of finite differences, whereby Av = (dv/dA) AA
10 points

(if) Show that the resolving power (i.e., of the spectral resolution) of MDJ at

its noise level (14G, see figure 2 caption) is about 107
10 points

(iii) Future instruments plan to use an IR line of Mgl at 12um. Show that
resolving power varies as A and so calculate how much less resolving
power is required for this IR line, as compared to MDI.

10 points
(iv) Why is this future IR instrumentation easier in space-based

instruments, as opposed to ground-based instruments?

2 points

(b) MDI provides longitudinal, line-of-sight, magnetograms, which has provided
the author with some problems.

(i) Galileo used concepts of foreshortening and rate of motion near the
fimb to prove that Sunspots were actual solar features and not the effect of
an interior planet. With the aid of sketches, explain how Galileo used
these two concepts to show this.

4 points
(ii) Foreshortening and rate of motion are 2 reasons why the author only
uses data ‘within 45 degrees of disk center’ (first paragraph section 2).

State one further reason, specifically related to magnetograms
2 points

(iii) With reference to Ampere’s law, how come 1L.0S magnetograms do not
allow the measurement of electric currents’ {middle of 2nd paragraph of

introduction)?
2 points




3. The paper shows that the energy to power a solar flare is likely stored in the magnetic
field close to strong magnetic gradients. In this question, we discuss three different
estimates of this flare energy. There are 35 points available for this question.

(a) The GOES spacecraft measures X-ray flux at Earth. By considering a GOES
X-class flare (See figure 3 for details of the flux from an X-class flare), with a
duration of about 3 hours, show that the total energy emitted at the Sun during
an X-class flare is about 10%2ergs. Assume an Xray production efficiency of 1

part in 105

(HINT: consider the units of GOES Xray flux, and its distance of 1AU)
(HINT: At the beginning of Section 3 the authors claim a flare area corresponding

to 160px in MDI images and state the conversion factor of pixels to cm.)
10 points

(b) In the penultimate paragraph of Section 3, the author shows that the magnetic
field near strong magnetic field gradients can carry 1030 -1032 ergs, sufficient to
power major solar flares. Explain his derivation and explicitly carry out the
calculation to show he is correct.

(HINT: Consider magnetic energy density ~ B2/4r)
10 points

(c) The total energy in a solar flare can also be estimated by considering the
thermal emission in the corona (i.e., EUV radiation as discussed in Section 1).
(i) Show that the temperature of the TRACE EUV emission as described in

Section 1 is about 106K
5 points

(i) Considering a flaring plasma of thermal particles inside a semi-
hemisphere of radius about 10 times the thickness of the emerging flux
tube bundle discussed by the author (Q3b above). Show that electron

densities must be about 10 em for an X-class flare.
10 points
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ABSTRACT

Solar flares result from some electromagnetic instability that occurs within regions of relatively strong magnetic
field in the Sun’s aimosphere. The processes that enable and trigger these flares remain topics of intense study
and debate. 1 analyze observations of 289 X- and M-class flares and over 2500 active region magnetograms to
discover (1) that large flares, without exception, are associated with pronounced hi gh-gradient polarity-separation
lines, while (2) the free energy that emerges with these fibrils is converted into flare energy in a broad spectrum
of flare magnitudes that may well be selected at random from a power-law distribution up to a maximum value.
This maximum is proportional to the total unsigned flux R within ~15 Mm of strong-field, high-gradient polarity-
separation lines, which are a characteristic appearance of magnetic fibrils carrying electrical currents as they
emerge through the photosphere. Measurement of R is readily automated, and R can therefore be used effectively
for flare forecasting. The probability for major flares to occur within 24 hr of the measurement of R approaches
unity for active regions with the highest values of R around 2 x 10°" Mx. For regions with R = 10" Mx, no

M- or X-class flares occur within a day.
Subject headings: Sun: flares — Sun; magnetic fields

1. INTRODUCTION

Solar flares are known to occur preferentially in magnetic
regions with strong field gradients, long polarity-inversion
lines, complex polarity paiterns, or sunspot umbrae containing
both polarities within a common penumbra. Searches for dis-
criminants between flare-producing and flare-quiet regions have
thus far resulted only in trends or ambiguous findings (see Leka
& Barnes 2003a, 2003b and references therein). It has been
found, however, that the emergence of electrical currents em-
bedded in magnetic flux, rather than surface shear flows or
other purely atmospheric effects, appears to be key in driving
active region flaring (e.g., Wheatland 2000a; Démoulin et al,
2002a, 2002b; Schrijver et al. 2003; Leka & Barnes 2003a,
2003b; Jing et al. 2006; Falconer et al. 2002). These strong
electrical currents do not persist for more than about a day
(e.g., Pevisov et al. 1994; Schrijver et al, 2005) unless sustained
by continued flux emergence. It is therefore no surprise that
the emergence of compact field has also been found to be
positively correlated with some flaring (e.g., Schmieder et al.
1994; Wang et al. 1994; Choudhary et al. 1998; Li et al. 2000).

In order to significantly increase the sample size over those
in previous studies, we must use full-disk line-of-sight (LOS)
magnetograms, such as obtained by the Solar and Heliospheric
Observatory (SOHO) Michelson Doppler Imager (MDI; Scherrer
et al. 1995), which has observed one magnetogram every
96 minutes almost continuously since mid-1996. Although LOS
magnetograms do not allow the measurement of electrical cur-
rents, they certainly can be quite revealing of their presence: a
compact current, emerging through the photosphere with a mag-
netic field winding helically about it, would show up in cross
section within the photosphere as an elongated polarity-inversion
Iine, with narrow ridges of strong opposite-polarity fields im-
mediately adjacent to it. This characteristic pattern for emerging
currents is seen whenever the appearance of the coronal field is
distinctly nonpotential (Schrijver et al. 2005), so that it appears
likely that high-gradient, strong-field polarity-reversal lines in
LOS magnetograms are in fact proxies of (near-)photospheric
electrical currents.
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In this study, I use a large sample of LOS magnetograms
and introduce a new metric to find that high-gradient, strong-
field polarity-separation lines— characteristic of electrical cur
rents emerging through the photosphere— are necessary for ma-
Jor solar ftares to occur. Based on this, I propose that the
emergence of a current-carrying magnetic field causes most, if
not all, major solar flares.

2. FLARE INITIATION SITES AND POLARITY-SEPARATION LINES

From the sample of 574 M- and X-class flares that were at
least partly observed by the Transition Region and Coronal
Explorer (TRACE; Handy et al. 1999), between 1998 July 14
and 2006 July 6 at 1" resolution, I select the 289 within 45°
of disk center. I locate the brightest area in EUV or UV images,
allowing for a delay between the start time of the X-ray flare
observed by the Geostationary Operational Environmental Sat-
ellite (GOES) and the brightening in TRACE images of -2 ks
for the 171 or 195 A images to allow significant coronal EUV
brightening to occur, or 0.5-1 ks for 1600 or 1700 A images
to see the more promptly developing flare ribbons.

To identify high-gradient polarity-separation lines, I dilate
bitmaps of SOHO MDI magnetograms where either positive
or negative flux densities exceed 150 Mx cm? with kerneis
of 3 x 3 pixels of 2" each. Where these two maps overlap (i ¢.,
where the product M of the two dilated bitmaps is nonzero),
we find the relatively strong opposite-polarity fields that lie
closer to each other than the instrument’s 4” resolution.

The average distance D of the brightest TRACE (E)UV lo-
cation, after resampling to 4" pixels, to the nearest point on
any such polarity-separation line within the 320 x 320 pixel
magnetogram cutouts is 20 Mm. The distribution of D is
strongly peaked at small distances: two-thirds of the cases have
D<D,, =15 Mm, while 81% ke within 30 Mm compared
to typical active region sizes of 150 Mm or more. This small
separation of strong-field, compact polarity-separation lines and
flare initiation sites further supports the direct association of
M- and X-class flares with these magnetic featvres.
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FG. 1.—Left: Example of a SOHO MDI magnetogram (cutout of 160 x
160 pixels of 2" square) around the time of the M4.6 flare on 2005 September 14
10 UT (fog R = 5.03). Right: Magnetogram multiplied with the weighted map W
of the ficld near high-gradient, strong-field, polarity-separation lines, which, after
summing their absolute values, yields R.

3. QUANTIFYING THE FLARE DRIVER

To quantify the association of flares with flux near high-
gradient, strong-field polarity-separation lines, 1 measure the
unsigned flux R near the polarity-separation lines described
above. This is done by taking the bitmap M of high-gradient
strong-field polarity-separation lines described in § 2, and con-
volving that with an area-normalized Gaussian with 8 FWHM
of D, = 15 Mm to obtain a weighting map. This weighting
map is multiplied with the absolute value of the magnetogram;
i.e., the quantity K is computed as the weighted unsigned flux
density surnmed over all instrument pixels ina 160 x 160 pixel
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FiG. 2.— Scatter diagram of unsigned total active region fluxes vs. flux R
near compact, high-gradient polarity-separation lines. Regions with M- or X-
class flares are shown by diamonds, all other with R # 0 by dots. The his-
togram shows the peak-normalized distribution of magnetic fluxes for regions
with R = 0 (i.e., with no strong-field, high-gradient polarity-separation lines).
The unsigned fluxes are sums of absolute values in a 240 x 24{ pixel area
{of 2" pixels) centered on the active region, corrected for a neise contribution
from the 14 Mx cm™ single pixel noise (Hagenaar 2001).
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F16. 3.—Scatter diagram of peak flare flux densities (GOES 1-8 A passband
in W m™) vs. R. The histograms in this fipure show the 25th, 50th, and 75th
percentiles of the flare distribution as function of R. The dotted straight line
at P =12 % 107°R has 99% of the observed flares below it. The only flare
that clearly lies above this line is an X6.2 flare that started around 2001
December 13 14:30 UT. The value of log R in this active region decreased
from 4.2 half a day prior to the flare to 3.7 at the time of the flare, but at 4.2
would still lie well above the dotted line. This region has a narrow fibril of
one polarity embedded within an area of strong field of the opposite polarity,
which likely causes the measure R to strongly underestimate the true flux
involved (see foetnote). This may (in part} explain its unusual position in this
diagram.

box centered on the region (see the example in Fig. 1).' This
algorithm turns out to result in a maximum observed value of
log R of somewhat over 5; in these units, log R thus yields a
convenient classification scale, as discussed below. To convert
R to maxwells, multiply by the area of MDI's 2" pixels, or
22 x 10' ent’; the magnelograms are calibrated as for the
standard MDI level 1.5 data processing without further cor-
rections for instrument sensitivity or nonlinearity.

The flux R is poorly correlated with the total flux in the
active regions (Fig. 2; C = 0.60 for regions with R > 0).
Clearly, R is a far more significant measure for major flare
potential than the unsigned flux: ail but one of the active regions
with M- or X-class flares lie at log R > 2.8, but lie spread out
over most of the flux range.

A scatter diagram relating the GOES 1-8 A peak flux density,
F,..c» with log R—as in Figure 3—reveals the pronounced clus-
tering of the flares in the lower right corner of the diagram
(diagrams for times up to 1 day prior to the flare are very
stmilar). This suggests (1) that R is a measure for the maximum

' Fine-scale magnetic structure is, of course, weakened if not lost by the
instrument resofution. This is particularly the case when a ridge of one polarity
is contained within the field of the opposite polarity (as in the cases of X
flares on 2001 December 13--see Fig. 3—and 2006 December 13 —not in-
cluded in the present sample). For example, when two Gaussian profiles of
one sign bracket another profile of the opposite sign that is otherwise identical,
the central peak is weakened by a factor of 3 at a separation of 2.9 ¢ of the
outer peaks, and it disappears entirely below 1.2 &. For such compact multi-
reversal structures, the finite instrument resolution will cause the flux near
high-gradient polarity-separation lines to be strongly underestimated.
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energy available for flares in a given region (F,,, = 54 x
107"R,,, [Fig. 3, dotted line], with F,,, in 107 ergs cm ™5™
[Foa. = 1 for an MI flare]), and (2) that active regions can
reduce their free energy by relaxing through a series of flares,
with smaller flares being much more likely than large flares.

Does the flux near strong, compact polarity-separation lines
carry enough energy to power major flares? An order of
magnitude estimate of the cnergy E is obtained by assuming
that an emerging flux bundle has a thickness comparable to
D, = 15 Mm and that the intrinsic characteristic ficld strength
lies below the characteristic postemergence strength of ~1 kG,
say, (B) ~ 300 G. Because R = (B)A, for area A, the energy
E(log R = 3) ~ ({B)*/47}AD = (B)DR/4m ~ 10™ ergs. The
highest value corresponds to E(log R=53)~2 x 10™ ergs.
These energies suffice to power major solar flares {¢.g., Hudson
1991; Crosby et al. 1993).

When R curves as a function of time are normalized to their
individual peak values, their ensemble average reveals a ten-
dency for an increase (of ~20%) during the 2 days prior to a
major flare, followed by a decrease {of ~7%) the following
day, as expected for a measure of the flare driver. The spread
about this tendency is large, but that should not be surprising:
regions often flare multiple times over a period of days as flux
continues to emerge.

4. FLARE LIKELIHOOD AND FORECASTING

To test whether the emergence of current-carrying flux is es-
sential to drive major flares, I select 2500 entries within 45° of
disk center from the daily active region entries in the NOAA/
SEC solar region data between 1999 January 1 and 2006 QOctober
23, during which SOHO MDI operated nominaily {note that the
flaring regions studied in § 3 are part of that full set, and some
of these regions will have been randomly selected in the samp-
ling of 2500 magnetogram observations). The distribution of
n(R) d log R for that sample is shown in Figure da. No M- or
X-class flares occur within 24 hr of the determination of R for
log R < 2.8 (61% of the sample), thus providing a useful “all
clear” metric. The single apparent exception is an active region
that experienced a strong decrease from log R = 3.3 only 3 hr
before an M1.9 flare, which may be interpreted to indicate that
the emerging current had largely passed through the photosphere,
then mostly embedded in the corona.

Only 9% of the active regions with log R > 2.8 display M-
or X-class flares within 24 hr of their observation. Figure 4b
shows that the fraction of these regions with at least one major
flare within 24 hr increases rapidly with R, reaching unity for
logR=5.0.

The occcurrence rates of M- or X-class flares for a given R
are consistent with the concept that free energy is converted to
flare energy in a finite flare sequence selected randomly from a
broad power-law distribution (Wheatfand 2000b) in which small
flares are far more frequent than large cnes. The distribution of
the peak flare flux densitics in the GOES 1-8 A passband for
flares with log R > 48, for example, is a power law, F ™ dF
with index « ~ 1.75. The fraction of flares with peak fluxes
below F for a power-law distribution with a maximum value of
F, and minimum F, asymptotically approaches f(F)=1 —
(F,/F)*" for £, > F,. This is consistent with the empirical per-
centiles in Figure 3 that level off for log R = 4.5,

5. FLARING AND NEWLY EMERGING REGIONS

In order to study how newly emerging active regions behave
compared to randomly sampled active regions, I identify all
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Fig. 4.—(a) Histogram of fluxes R near compact, high-gradient polarity
separation lines for a random sample of 2500 aclive region magnetograms
(solid ling), and for the subset with M- or X-class flares within 24 hr of their
observation (dashed line). The 639 regions with R = 0 (i.e., with no strong-
field, high-gradient polarity-separation lines) are shown atlog R = 1. (b} Ratio
of the two histograms showing the fraction of all regions with an M- or X-
class flare within 24 hr.

active regions in the period 1998 through 2005 that were first
listed in the NOAA catalogs between FA5 and E00, existed as
a numbered region for at least 4 days, and reached a size larger
than 40 microhemispheres. From that list, | select isolated
regions (no neighboring region within 3') and require that all
M- and X-class flares, if any, that occurred on the day before
first listing and the two subsequent days were assigned solar
coordinates to eliminate ambiguity in whether the region pro-
duced major flares or not. Only 38 active regions meet these
criteria.

Of the 12 regions with max (log R) < 3.0 during the first
3 days of their existence, none showed an M- or X-class flare,
consistent with the 0.19% probability of major flaring in the
sample of 2500 randomly selected active region magnetograms
with such low values of R. For 3.1 < max (log R) <40, two
in 21 regions (10% =+ 7%) showed major flares, consistent with
the 5.7% in the larger random sample. Of the five regions with
max (log Ky > 4.1, one exhibited a major flare (expected in
31% of realizations of such a small sample with a flare like-
lihood of 30% as in the larger random sample).

Although the sample of emerging regions is small, I conclude
that there is no significant difference in the likelihood of major
flaring as a function of R between emerging and existing active
regions. It therefore appears that it is not the mere fact of flux
emergence that drives flaring or causes a nonzero value of R
but rather that the pattern of such flux emergence is the de-
termining factor in whether major flares occur or not.

6. DISCUSSION AND CONCLUSIONS

This study establishes that major solar flares of class M or
X are invariably associated with the emergence of flux that
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TABLE |
FLARE PROBABILITIES

PROBABILITY

logR=<30 logR=~30 IlogR=~35 JogR=40 logR=45 logR=50
Crass (%} (%) (%) (%) (%) (%)
>MI .. 2 5 12 50 ~80
>M3 . ~0 <! 3 20 35
=X oo 0 ~0 ~1 10 20
X3 [ 0 ~0 1 1-2
Maximum ...... <C9 <M} <vi4 <X1 <X4 <XI0

Notes. —Likelihood of major (X or M} flares within 24 hr of the determination of the umsigned, weighted
magnetic flux R within 15 Mm of high-gradient, strong-field polarity-separation lines. Also listed is the

maximum expected ffare class.

displays strong-field, high-gradient polarity-separation lines.
The likelihood of such flares to occur does not appear to depend
on whether this flux is newly emerging into the quiet network
or whether it is emerging into a preexisting active region. Such
a field pattern is characteristic of compact electrical currents
emerging through the solar surface. I therefore propose that
major solar flares occur because of the release of energy as-
sociated with the emergence of compact electrical currents into
the solar atmosphere, rather than, for example, as a result of
the interaction of fiux systems or the buildup of stresses by
surface flows.

The data support the notion that energy associated with the
emergence of flux with compact high-gradient, strong-field
polarity-separation lines is dissipated in a series of flares whose
energies are drawn randomly from a power-law distribution
that extends up to a maximum value set by the available energy.
For regions with more energy (as measured by the measure R
introduced here), the power-law distribution of flare strengths
maintains its slope but is scaled upward so that the frequency
of flares of all possible magnitudes increases while the cutoff
for the maximum flare magnitude grows. Thus, with increasing
R, the probability of a region to produce a major flare (shown
in Fig. 4b) increases both because larger flares become possible
and because flares of all magnitudes become statistically more
frequent.

The consequences of the observations discussed here for flare
forecasting are quantified in the conditional flare probabilities
in Table 1 that combine the statistics of flare magnitudes with
the overal! flare likelihoods shown in Figures 3 and 4. Forecasts
will remain probabilistic unless we can learn what determines

the energy release for a specific flare given the active region
field. We may, of course, find that the flare process is like a
sandpile avalanche system in which small perturbations lead
to a broad range of intrinsically nondeterministic responses. To
establish whether or not this is the case, we need to observe
a large sample of flares with next-generation high-resolution
solar instrumentation. Only such a large sample will contain
the information needed to reveal the trends hidden in the sta-
tistical processes, as demonstrated by this study based on 8 yr
of SOHO, TRACE, and GOES records. This argues not only
in favor of obtaining long data records to build large statistical
samptes but also for a discovery infrastructure in the form of
easily searchable, multi-instrument knowledge bases.
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LiWei Lin, David McKenzie, Rebecca McMulien, Dawn Myers,
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ren, Mark Weber, Meredith Wills-Davey, Traec Winter, and Jake
Wolfson) for their diligence over the years in observing fiare-
imminent active regions; Kathy Reeves and Patricia Jibben for
maintaining the TRACE flare catalog at SAQ; Zoe Frank for
conscientiously bringing MDI magnetograms into our archive;
Sam Freeland for maintaining the indispensable SolarSoft IDL
routines; the NOAA/SEC team for their untiring recording of
all solar flares; and Bart De Pontieu and the referee for help in
refining the conclusions and their presentation. This work was
supported by NASA under the TRACE contract NAS5-38009
with NASA Goddard Space Flight Center and MDI-SOI contract
NASS5-30386 with NASA through Stanford contract PR 9162,
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