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Abstract. Where does solar flare energy come from? More specifically, assuming that the
ultimate source of flare energy is mechanical energy in the convection zone, how isthis
translated into energy dissipated or stored in the corona? This question appears to have been
given relatively little thought, as attention has been focussed predominantly on mechanisms for
the rapid dissipation of coronal magnetic energy by way of MHD instabilities and plasma micro
instabilities. We consider three types of flare theory: the steady state ‘* photospheric dynamo’’
model in which flare power represents coronal dissipation of currents generated simultaneously
by sub-photospheric flows; the ‘* magnetic energy storage’” model where sub-photospheric flows
again induce coronal currents but which in this case are built up over alonger period before
being released suddenly; and ‘*emerging flux’’ models, in which new magnetic flux rising to the
photosphere already contains free energy, and does not require subsequent stressing by photos-
pheric motions. We conclude that photospheric dynamos can power only very minor flares; that
coronal energy storage can in principle meet the requirements of a major flare, although perhaps
not the very largest flares, but that difficulties in coupling efficiently to the energy source may
[imit this mechanism to moderate sized flares; and that emerging magnetic flux tubes, generated
in the solar interior, can carry sufficient free energy to power even the largest flares ever
observed.

I ntroduction

It is generally accepted that solar flares occur only in regions of highly stressed magnetic
field, and it iswidely supposed that the flare energy is stored in situ in the coronal magnetic field,
or at least that the magnetic field serves as a conduit for the energy flux supplying the flare.
Although many mechanisms for releasing the energy stored in stressed coronal fields have been
investigated, and models have been devel oped for the ways in which magnetic fields can be
stressed by motions of their photospheric footpoints, the fundamental processes responsible for
moving the footpoints have received relatively little attention. For instance the steady state
“* photospheric dynamo’” models assume a given photospheric flow field, neglecting the reaction
of the flow to generated JxB forces. Under this assumption, an infinite energy is available!
Here we address the question of the origin of flare power, a question which appears to have been
considered only crudely in the past: Stenflo (1969) concluded that kinetic energy in the convec-
tion zone beneath a sunspot was sufficient to supply a major flare, while Spicer (1982) com-
mented that there was probably insufficient kinetic energy in the convection zone to directly
power aflare.

In this paper, our goal isto compute upper limits to the available energy flux in as general a
way as possible, avoiding many of the considerations which would have to be resolved in the
construction of arealistic model. We examine the coupling of mechanical energy in sub-
photospheric flowsto the coronal magnetic field. The flows are assumed to differ at the two
footpoints of a magnetic arch or arcade of loops, so that the differential motion of the footpoints
exerts atwisting or shearing force on the coronal magnetic field. We evaluate the mechanical
energy of turbulent motionsin the upper convection zone and of large-scale differential rotation



as possible sources of flare energy. We aso estimate the free energy carried by a newly emerg-
ing flux tube, generated in the solar cycle dynamo region, which isindependent of near-surface
flows.

Observations suggest that magnetic flux at the photospheric level is concentrated into tight
bundles or *‘flux tubes.”” The amount of mechanical energy which can be intercepted depends
on the geometry of the sub-surface magnetic flux tube, the height and time scales over which
coherent motions extend, and the time scale for communication of forces to the solar surface. It
is believed that isolated flux tubes extend at least part way down through the convection zone
and that they are in hydrostatic equilibrium with magnetic pressure plusinternal gas pressure
equal to external pressure (see Fisher et al., 1989). We will adopt this flux tube model and
assume that flux tubes are of roughly circular cross section. The assumptions of pressure
confinement and a compact cross section impose the main limiting factor on the power supplied
to flux tubes by convective motions.

We calculate the work done on the magnetic field in the following two limits. If currents
induced by mechanical stresses are simultaneously dissipated resistively, the plasma dlips across
the magnetic field, asin an MHD generator, and the maximum power which can be extracted
from the flow is afraction of the kinetic energy flux intercepted by the flux tube. Thisisthe
“* photospheric dynamo’” model. We assume optimum impedance matching, so that the max-
imum energy flux can be extracted as flare power.

On the other hand, if resistive dissipation is negligible, the flow distorts the magnetic field
and the work done by the gasis stored inductively. We presume that in this** energy storage’
model the flow couples to the magnetic flux tube through aerodynamic drag. The available
power is computed in the same way as for the **dynamo’” model. To make use of this power,
however, the coronal magnetic field must match the ‘*impedance’’ (ratio of force to velocity) of
the source. We find that optimum power transfer occurs when the opposing force due to bending
of the coronal magnetic field lines allows the flux tube to move at 1/3 of the convective driving
velocity, and that 4/27 of the kinetic energy flux can be transferred to the corona.

Observed Flare Energies and Time Scales

In amajor solar flare, more than [110% erg isdissipated over a solar surface area of 3 x 10
cm? duri ng 10%-10*s (e.g., Svestka, 1976é Lin, 1982) Thus the average energy flux is mo®
ergcm 25 1and the power is at least [10 8 erg s over theflare area. In theinitial, impulsive
phase of aflare, hlgl er energy fluxes of order 10'°-10"* ergcm 2 s 1 are concentrated in flare
kernels of area (110'® cm? or less. The impulsive phase lasts M0%sand provides the most severe
test of energy release mechanisms.

Major flares are often eruptive, with much of the ener%/ relemd during mass %GC'[I ons (e.g.,
eruptive prominences and surges). Smaller flares (say 10 ~10% erg over 10" ecm?in 10° S) are
frequently compact with most of the energy being carried away by radiation. There is some evi-
dence that the energy released impulsively during aflare is accumulated over a period of 1 to 2
days prior to the flare. For instance, ‘*homologous flares’’ recur at the same location with very
similar appearance (e.g., Svestka, 1976), and a single active region may give rise to a series of
major flares (e.g., Lin and Hudson, 1976). The requirement on power input for such energy
accumulation is clearly less severe by at least an order of magnitude compared to the power
required to drive aflare directly.

Thus the problem is to supply a power of 10 erg s ! over an area of order 10™° cm? to
adirectly driven ‘‘dynamo’’ flare, or, for a“‘* stored energy’’ flare, to accumulate an energy
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surplus of order 103-10% erg over asimilar area, which requires an average energy flux of

107°-10%" erg stovera period of order a day.
Solar Flare Theories

In this section we briefly review the three types of flare model under consideration in this
paper. They are the photospheric dynamo model, in which energy of convective motionsis con-
verted directly to flare energy on the flare time scale (minutes or hours), the magnetic energy
storage model, where pre-existing coronal fields are stressed by convective motions over longer
time scales (hours or days), and the emerging flux model, in which new magnetic flux, which
may have accumulated free energy from convective motions over solar cycle time scales
(months or years) is able to produce flares as soon as it reaches the solar surface.

The Photospheric Dynamo Model

This model, which is based on analogy with magnetospheric substorms, appearsin the litera-
ture in many forms (e.g., Sen and White, 1972; Heyvaerts, 1974; Kan et al., 1983; Henoux and
Somov, 1987). Itsprincipa featureisthat the flare is driven directly by the power of photo-
spheric flows. All the above expositions assume that the internal resistance of the photosphereis
so high that plasma can dlip across magnetic footpoints in a steady state. Such dissipation occurs
in the weakly ionized ionosphere of the Earth and is an important component of the theory of
magnetospheric substorms. But in the solar context, even the weakly ionized layer of the photo-
sphere is agood conductor. Moreover, the weakly ionized layer of the photosphere is not
““heavy’’ enough to support the required stresses, which on a short time scale must propagate
deeper into the atmosphere. Thisisagain contrary to the concepts devel oped with respect to the
Earth’ s magnetosphere-ionosphere system, where the ionosphereis**heavy,”’ resistive, and in
addition has an insulating boundary beneath it. These and other objections to the ‘* photospheric
dynamo’’ flare model have been detailed by Melrose and McClymont (1988).

Nevertheless, the basic concept of the dynamo model (continuous generation in the sub-
photospheric region of the power being simultaneously dissipated in aflare) isstill valid in prin-
ciple. Although the photospheric resistance isin fact very low, such resistance must be present
in the coronal part of the circuit to account for flare dissipation. Since the weakly ionized layer
isreally of no relevance, it does not have to support the stresses, which will be provided at a
deeper level where mechanical motion can couple more effectively to the magnetic field.

Magnetic Energy Storage in the Corona

It iscommonly believed that flares occur in regions of highly sheared magnetic field and that
the shear is produced by photospheric flows moving the footpoints of the magnetic field (e.g.,
Hagyard et a., 1986). Mechanisms for dissipating the field-aligned currents which result from
such twisting of the magnetic field have been proposed by, e.g., Alfvén and Carlgvist (1967) and
Spicer (1977a,b). We find that sub-photospheric flows can indeed move magnetic footpoints and
so stretch the coronal field. However, simple stretching does not necessarily produce coronal
currents; production of shear requires relative rotation of the footpoints. In our simple cylindri-
cal model of a sub-surface flux tube, there is clearly not enough mechanical coupling to produce
rotation unless the flux tube is fluted or fragmented beneath the photosphere, making it easier for
flowsto impart torques. Since we want to compute upper limits to the available energy flux we



leave aside such difficulties and assume that the entire kinetic energy flux intercepted by the flux
tube can be utilized.

Emerging Flux Models

Although major flares seem to be correlated with highly sheared magnetic fields in magneti-
cally complex regions, and are often associated with the eruption of pre-existing prominences,
which indicate that the magnetic configuration has existed for some time, many flares and bright-
enings are observed at points of eruption of new magnetic flux. The energy release could be
caused by either reconnection of the new flux with overlying pre-existing magnetic field (Hey-
vaerts et al., 1977, see also Syrovatskii, 1969; Somov and Syrovatskii, 1977; Uchidaand
Sakurai, 1977), by conversion of the free energy due to release of the flux tube from pressure
confinement in the photosphere (Spicer et al., 1986), or by dissipation of field-aligned currentsin
the emerging flux tube, asin the ‘*corona energy storage’’ models. The photospheric shear
flows could be a response to the eruption of twisted flux tubes, rather than the generator of them.

Asthe magnetic field of the pre-emergent flux tube is far from potential, and the flux tube
therefore carries a great amount of free energy, it seems unnecessary to assume that the field
must be stressed by subsequent footpoint motions before aflare is produced.

The Convection Zone as a Source of Flare Power

The Convection Zone Model

Here we consider first convective motions, then differential rotation as flare energy sources.

We have used the convection zone model of Spruit (1974) as a basis for estimating the avail-
able energy in convective motions. This model, which is based on a mixing length theory, pro-
vides an estimate of mean convection speeds as a function of d%pth. These vary from [10.01
km s near the bottom of the convection zone, at adepth of 10° km, to (1L km s near the pho-
tosphere.

The energy flux available from differential rotation was computed from the relation for the
surface rotation rate, Q H14.44-3.0 s n2(p ° day_l, where @isthe latitude (Allen, 1973). The
velocity gradient at alatitude of @ 515° isthen (B x 107" s *. For amagnetic loop spanning a
latitude range of [ x 10° cm, the vel ocity differential between the footpointsis then of the same
order asthe velocities near the bottom of the convection zone. Since these are much smaller
than the convective velocities nearer the surface, it is clear that energy fluxes and forces similar
in magnitude to those obtainable from convective motions will only be obtained if it is assumed
that the surface rotation rate extends throughout the convection zone, and that flux tubes are able
to convey forces from great depths.

Models of Sub-Surface Flux Tubes

We have used two models of flux tubes. Inthefirst case, we assume that the magnetic field
strength is independent of depth, so that the flux tube area remains constant and so intercepts the
maximum feasible fluxes of energy and momentum. This model isnot at all realistic, and
although it presents the greatest cross section at depth, the Alfvén speed, and so the ‘ ‘rigidity’’
of the flux tube, drops so rapidly with increasing depth that it is unable to transmit forces to the
surface on the relevant time scales from depths of greater than (5,000 km. In the second case,



we use the thin flux tube approximation of Spruit (1981) to compute ‘* pressure-confined’’ model
flux tubes with surface magnetic field strengths of 100-2000 G, which are rooted at the base of
the convection zone and are in hydrostatic equilibrium (see Fisher et a., 1989). These flux tubes
present a much smaller cross-section at depth, but are *‘stiff’” enough to transmit stresses from
deep in the convection zone to the surface in only afew hours.

Power Available to the Photospheric Dynamo

The maximum power available to a magnetic footpoint down to a depth z beneath the photo-
sphere is computed from
4

P(2) = [%:p(2) u(2)’ W(2) u(2) &2
0

where p isthe density, v isthe mean convective velocity, and w the width of the flux tube. The
results of this calculation are shown in Figure 1 for a flux tube of unit width at the photosphere.
The solid lines represent the energy flux intercepted by pressure-confined flux tubes with surface
magnetic fields of 100-2000 G, while the dashed lineisfor the *‘uniform area’ flux tube. On
the curves open circles mark the greatest depths from which stresses can propagate on aflare
time scale of 1 hour. (A field strength of 1000 G was assumed for the uniform field flux tube in
this computation.) To estimate flare power levels, we reduce the powers intercepted by 50%,
assuming optimum impedance matching.

Thus we find that for aflux tube of surface area 3 x 10'° cm? (w B5 x 10° cm), say, the max-
imum power ranges from 8 x 10% ergs L for the **uniform’” and 100 G flux tubesto 4 x 10%°
ergs L for the 2000 G flux tube. These energy fluxes are at Ieast afactor of 30 too small to
directly power mgjor flares. However, apower level of [110%° ergs -1 istypical of minor
subflares. Thusthe ‘*photospheric dynamo,”” while it might play arole in producing the gen-
erally enhanced levels of emission in active regions, and even small flares and brightenings,
appears to be effectively ruled out as a mechanism for major or even moderate flares.

Such power levels, however, may be sufficient to supply pre-flare buildup of energy over a
longer period, even without allowing for the fact that, over alonger time, stresses may propagate
from deeper in the convection zone. Thistopic is discussed further in the next section.

We have also computed the power available from differential rotation, on the assumption
that the observed surface rotation rates hold all the way to the base of the convectlon zone. For a
latitude span of 3 x 10° cm between footpoints, the power available is 510 egs Lor all flux
tube models. Thusdifferential rotation certainly cannot drive flares directly, and is very unlikely
to contribute significantly to flare energy storage.

Power Available for Coronal Energy Storage

Just asthe ‘*dynamo’’ model requires a matching coronal resistance to extract maximum
power from the flow, there is an optimum “* spring constant’’ for the coronal magnetic structure
in order to store magnetic energy at the highest rate. To estimate the maximum rate at which
convection zone flows can do work on a flux tube, we ssmplify the problem by assuming that a
layer of the convection zone only one scale height thick, over which the convection velocity v is
approximately constant, contributes most of the power. This assumption is consistent with our
neglect of the fact that different levels of the atmosphere may be pushing the flux tubein



different directions. The rate at which work is done on aflux tube by the drag force is then

P O%p(v-V)|u-V |V, whereV isthe speed of the flux tube relative to the other footpoint of
the coronal flux tube. Taking the other end of the coronal magnetic field line to be fixed, P is
maximized whenV =1/3v, yielding P, @(4/27) :/sz Therefore in estimating the available
power we have reduced the values from Fr gure 1 by 4/27.

Thefilled circles on the curvesin Figure 1 indicate the depths from which stresses can pro-
pagate in an assumed energy accumulation time of 24 hours. All the pressure-confined flux
tubes can transmit stresses from the base of the convection zone in this interval. From Figure 1,
the maximum power available to any of the flux tubes of photospherrc wrdth 5 x 10° cm (as con-
sidered in the previous section) liesin the range 10% egs 1to3x 10% erg st When multl-
plied by an energy accumulation time scale of 1 day, these yield flare energies of 10°1-3 x 10*
erg, typical of the energy release in amajor flare (e.g., Wu et al., 1986), although still an order of
magnitude short of the energy release inferred in the very Iargest flares (Lin and Hudson, 1976).

As mentioned in the previous section, the power levels available from differential rotation
are smaller than the above figures by about 2 orders of magnitude and so cannot explain flares.

Because the power transmitted to a flux tube must couple to the coronal magnetic field, it is
of interest to consider the forces and displacements correepondr ng to the above energy fluxes.
Convective velocities in Sprurt s (1974) model are Mkms ' at a depth of 100 km beneath the
photosphere, [(D.4km s 1 a 1000 km, 0.1 km s * at 10,000 km, and 0.03 km s tin the lower
half of the convection zone, z 100,000 km. Assuming optimum couplrng wrth v Bur3, th&e
vel ocrtres correspond respectively to footpoint displacements of 3 x 10° cm, 10° cm, 3 x 108 cm,
and <10% cmin one day. The latter two displacements are very small, being much less than the
width of the flux tube.

Actua observed speeds of rapidly moving magnetic features in active regions are of order
0.2-0.3kms (e g., Mclntosh, 1981), which suggests that if flux tubes are indeed moved by
convective motions, they must be coupled at depths of only afew hundred kilometers below the
photosphere, where the energy flux from convective motions falls far short of that required for a
major flare. Our canonical flux tube would accumulate only [13 x 10 29 erg in 24 hours, an energy
typical of asmall but observable subflare (cf. Wu et a., 1986). It isnot possible, however, to
dismiss rapidly moving sunspots as unconnected with fI are energy storage, since Zirin and
Lazareff (1975), for instance, find that rapidly moving spots produce many flares. flare activity
ceases when the spot motion stops.

It is apparent that motions deep in the convection zone can provide the energy of alarge flare
(although possibly not the very largest) but would move the footpoints of coronal magnetic field
lines at very slow speeds and produce very small displacements. Thusavery ‘‘stiff’’ coronal
magnetic field isrequired to couple efficiently to such adriving force. On the other hand, flows
in the sub-photospheric layer, which can energize only minor flares, yield much smaller forces
but larger velocities and can do significant work only against much weaker coronal fields.

Consider a coronal magnetic arcade of length L and width W between footpoints, with aver-
age coronal magnetic field strength B . If this structure is sheared by displacing one set of
footpoints parallél to the length L, by adl stance AL , amagnetic field component AB =
B oAL/W isinduced, yielding an mcrease in the magnetic energy of Ac = BCO L AL /(81'[)
where we have assumed avol ume W2L , i.e., that the hei ght of the arcade is comparable to its
width. TakingL = 5x 10° cm, and usi ng the energies and displacements computed above, we
then find that optlmum coupling for aminor flare driven by shallow convection (A = 3 x 10
erg,AL = 3 >< 10 cm) requires BCO H15 G, while amajor flare driven by deep convection
(Ae = 3x 10* erg, AL =3 x 10° cm) requires B o, 51250 G.



While the first case corresponds to a feasible, even low, coronal field strength, it seems
unlikely that the average coronal field strength can be over 1000 G. The magnetic potential
energy of such an arcade would obviously be huge, since we are requiring avery small footpoint
displacement (and therefore very small shear) to account for the energy of amajor flare. If such
astiff ““spring’’ is not available, extraction of energy from the deep (as opposed to upper) con-
vection zone becomes difficult and would require at minimum a much longer time scale for
energy accumulation. This, together with the fact that magnetic structures observed in flaring
regions appear to be highly sheared, suggests that perhaps flare energy cannot be obtained from
the lower convection zone, in which case we are led to the conclusion that the ‘* energy storage’”’
model cannot account for magjor flares, but only moderate ones (e.g, 3 x 10% erg fromz < 10
km, requiring B o H 120 G for optimal coupling).

Energy Availablein an Erupting Flux Tube

A magnetic flux tube erupting through the photosphere contains free energy which it can
give up on expanding from its pressure-confined state to a quasi-potential configuration. In addi-
tion to converting magnetic energy to kinetic energy of its expansion (see Spicer et a., 1986), it
will form current sheets at the interface with pre-existing overlying magnetic fields which can
then dissipate with resulting reconnection (see Heyvaerts et al., 1977). Furthermore, micro
instabilities resulting in the dissipation of any field-aligned currentsiit carries could be triggered
by the expansion. Thus there seemsto be little reason to suppose that magnetic flux tubes must
remain quiescent until stressed by photospheric flows.

To estimate the available energy, we note that the magnetic energy in a flux tube, € 5
BZA L /8 where A isthe cross section and L the length of the flux tube, can be written as
e Ao?L/8MA, where @ is the total magnetic flux. Now, if we assume that a flux tube, freed
from the confining pressure of the photosphere, expands upward into the corona so that its area
increases from A, to A 3 by amuch larger factor than its length increases, the change in its mag-
netic energy is Ae B (®°L/8m)(VA,~L/A,). Assuming A,;>> A, we have Ae 5-B“A, L /8Tt
i.e., the bulk of theinitial magnetic energy is available as free energy. Taking values of
B, = 1000 G, A& =10%cm (implying a magnetic flux of 10% Mx), and a length of 3 x 10°
cm, we find [110™ erg of available energy. Thisis more energy than we were able to obtain from
convective motions and is sufficient to supply the largest flares ever observed.

Of course the magnetic flux tube presumably originated in or near the solar cycle dynamo
region, which probably lies at the base of the convection zone (e.g., Gilman, 1986), and so was
subjected to roughly the same forces and convective motions as the flux tubes considered in the
previous section. The difference isthat this flux tube may have been able to accumulate energy
over asignificant fraction of asolar cycle (11 years), rather than for the 1 day considered in the
previous section.

Conclusions

We have considered three modes by which mechanica energy of the solar convection zone
could be converted to transient energy release in solar flares. The mechanical energy due to dif-
ferential rotation was found to be much too small to be significant, as was the energy in near-
photospheric convective flows. However, the kinetic energy of motionsin the upper convection
zone can power moderate flares, while motions deep in the convection zone appear to be able to
generate the energy required by large flares.



First, we examined the ‘* photospheric dynamo,”’ which has been proposed by a number of
authors in analogy with magnetospheric substorms and MHD generators. Here, flare energy is
dissipated in the corona simultaneously with its generation by sub-photospheric flows across the
magnetic field lines at the footpoints of coronal magnetic fields. We find that the kinetic energy
flux in convective motions is far too small to power flaresin this way, except perhaps for minor
subflares.

Next we considered *‘ coronal energy storage,’”’ in which the kinetic energy of convective
motionsisintercepted in asimilar way to the photospheric dynamo. In this case, however, the
energy is stored in distortions of the coronal magnetic field, rather than being dissipated instan-
taneoudly. If energy isallowed to accumulate for periods of order 1 day, this mechanism has the
potential to fuel even major flares. However, it appears to fall short by an order of magnitude of
the energy thought to be released in the very largest observed flares. Moreover, it seemsto be
difficult to efficiently couple the energy source to the coronal magnetic field in order to extract
the energy required for major flares on time scales of order 1 day, suggesting that convective
motions may be restricted to powering only moderate sized flares.

Last, we computed the free energy available in an **emerging flux tube'’ and concluded that
alarge flux tube should carry enough free energy to account easily for even the largest flares.
Thistheory isless satisfactory than the previous two in that the source of the free energy isthe
mechanism which generates magnetic flux in the first place, about which little is understood.
But it is the only mechanism which appears able to fully account for the energy release in alarge
flare.

In conclusion, we note that solar flares exhibit an amazing variety of phenomena, and it is
guite possible that many different forms of energization can result in a phenomenon which we
recognizeasa‘‘flare’’ But the extreme energy requirements of a maor flare narrow the range
of candidates considerably.
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Figure Captions

Fig. 1. Thekinetic energy flux of convective motions which can be intercepted by a magnetic
flux tube above depth z beneath the photosphere for an unrealistic flux tube of uniform magnetic
field strength (1000 G) and for more realistic pressure-confined model flux tubes of photospheric
field strengths 100, 500 and 2000 G. Open circles mark the maximum depths from which energy
can propagate on aflare time scale of 1 hour, and filled circles mark the depths from which
stresses can propagate on a coronal energy accumulation time scale of 1 day. (All the pressure-
confined flux tubes can propagate stresses from the base of the convection zonein 1 day.)
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