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Abstract. Studies of the origin of coronal heating and acce&s reconnections) inthe chromospheric network but has not be
eration of the solar wind invoke high-frequency Agivwaves. discussed in any detail.
Here we suggest a source for such waves associated with twistedHere we suggest a specific mechanism for the generati
magnetic loops emerging on the solar surface and reconnectifighe high-frequency Alfén waves by the magnetic activity.
with the open field. We identify the loops with the ephemer&ur approach is based on the concepheaf minimum statéor
regions (small-scale bipoles) observed by ground-based instuepologically complex field, introduced by Freedman and
ments and by SOHO. To characterize the loops we employ {1€91) and Berger (1993) (see the section below). We use
concept of a minimum energy state for topologically complehxighly fragmented nature of the solar magnetic field and utiliz
fields. Emerging loops release energy relaxing to the minimuhe ideas of twisting of flux tubes by random motions and reco
state. Relaxation along the minimum state—due to a compaeigctions of closed magnetic loops with the open field. Althoug
tion between footpoint twisting by photospheric motions arttie energy basically comes from convective motions and assa
reconnections inside the loops— releases blinks of energy iated magnetic fields, the topological constraints, imbedded h¢
the solar atmosphere. We estimate the power released andriltbe form of the minimum energy state, help us to understa
range of wave frequencies. what portion of the magnetic energy can be released.
The solar loops can release magnetic energy in two p
mary ways. First, the magnetic flux emerging to the solz
surface may have a high level of topological complexity ad
1. Introduction quired from shear motions inside the convection zone (f¢
. . observational support of this point see Leka etal. 1997) a

The heatmg of the solar corona and acceleration O_f th_e ¥05e the energy by relaxing toward the minimum state. Se
lar wind have a common origin related to magnetic fleldochd’ the already emerged flux tubes can be further entang

( g 198¢

986). Models of these processes prescribe the SOYieR 1, random photospheric shear motions and lose their
of the heating and its power (c.f. Esser etal. 1997). The phygly and topological complexity due to reconnections insic

cal nature of the mechanism of the build-up and release of Ra flux tubes| (Sturrock, Uchida 1981, van Ballegooijen 198

ergy remains a problem, although a number of crucial insig Berger 1994) and due to reconnections with open structu

have been made in the study of this problem. It has been SWRxford. McKenzie 1992 Feldman et al. 1993, Shibata 199
gested by many authors that the mechanism involves twisting i sh o\ that relaxation along the minimum state contribut
flux tubes by convective motions, reconnections inside the ﬂEB(coronaI heating—this gives a new interpretation to the we

tubes, and reconnections of closed flux tubes with open opes, - dynamic balance between the twisting of footpoints a
(Sturrock, Uchida 1961, van Ballegooljen 11999r%connections. We argue that reconnections of closed log

eldman tal. 1993, Berger 1994, Galsgard, Nordlund[1998merging to the solar surface and those in the minimum sta
Shibata 1997). An interesting idea about the form of energy, \he open field release energy in the form of high-frequent

release has been put forward by Axford and McKenzie (1994), oy aves. To estimate the power released in the relaxat
and recently developed by Tu and Marsch (1997) and Marsglly the wave power we identify the magnetic loops with t

and Tu (1997ab). According to these authors, a source gengfz e eq small-scale bipoles (ephemeral regions) emerging
gtes high-frequency( 1 Hz) AIf_ven waves, that dissipate byhe gy and interacting with the open network magnetic field
ion-cyclotron-resonance damping in the inner corona and thus

provide the energy for heating of the low corona and the Pres-Minimum energy
sure for initial acceleration of the solar wind. The origin of these of topologically complex magnetic fields

waves was associated with small-scale magnetic activity (such i i . )
Of all field configurations with a given normal component at th

Send offprint requests té. Ruzmaikin solar surface, the potential field has the minimum energy. A
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point. However, the crossing number averaged over the view-
ing angle (say, a polar angle in the low plane in Fig. 1) is angle
independent (Berger 1993). The averaged crossing number is
not in itself a topological invariant. It has, however, a positive
minimum (called herek) which is, as well as the minimum
energyF, a topological invariant (Freedman, He 1991).

We employK as a measure of topological complexity inside
a magnetic loop of lengtll. and radiusr. To simulate solar
conditions we assume that the axial figkdis much stronger
than the perpendicular field. L&be a typical coherence length
of the perpendicular field, in the radial direction. Then the loop
can contain up ta = r2/¢2 flux tubes (strings) braided about
each other. The invariar tells us the minimum number of
times that flux tubes wrap around each other between the two
ends.

The magnetic energy E stored in the transverse figlis
constrained by the complexitif
Fig. 1. A topologically complicated magnetic loop configuration can
be represented by a braid. The figure shows an example of three x> aK?, a ~ 1071 L tn 402 (1)

tubes braided with 12 crossings.
(Berger 1998), whereb = =r?B is the magnetic flux of
the braid. To qualitatively understand this relationship, let
= B;/B measure the typical transverse field strength, and
equi!ibrium field with a current has higher energy. A mgg_netltét ~ Z/M be the transver)gpe length of a (curved) tubg. Then
configuration pf a general type tends to_ relgx to the minimug Lar?B2/81 = Ly2®?/(87%r%). Now it takes a trans-
energy state; in a trivial case to a potential field. The minimug, e gistance of about for one tube to wrap around another
magnet|c energyina non_—tr|V|aI case depends on tc_)polog|cal tpe. In projection, however, the tube will be seen to crd$s
variants ofthe conflguratlon, which do not change in the coursg o, tubes. One tube of length then contributes'/2 L, /¢
of magnetic relaxatiori (Moffatt 1990). An example of such '&ossings: and fon tubes
laxation is the transition of a twisted flux tube into a writhed
(coiled) tube, as happens to telephone cords (for adetailed study p3/21,  n3/2L
of this transition see Ricca (1995)). Itis the current that inducés~ ol (@)
topological complexity, such as twist, writhe and linking of field
lines—usually described by the invariant called “magnetic h-we expressu in terms of K thenE ~ ®2(°K?/(8r>Ln?),
licity”. The magnetic helicity does not characterize all of theonsistent with EqL{1).
topological complexity of the field: there are an infinite num-
ber of high-order invariants (c.f. Ruzmaikin, Akhmetiev 1994&
A simple measure of complex magnetic line entanglement of
general nature, called “crossing number”, was introduced by
Freedman and He (1991). Berger (1993) derived a lower bouRde dynamics of solar magnetic loops is defined by the rate
for the energy of braided magnetic fields as a function of tloé energy input and energy loss. The velocity of photospheric
crossing number and extended the concept of the crossing namationsV, twisting flux tubes inside a loop, is relatively small
ber to continuous fields. (1 km/s) compared to the Alen speed1(00 km/s or higher in
A braid is defined to be a collection of curves stretchintpe low corona). For twisting a thin flux tube of radiisc< L
between two parallel planes (Fig. 1). A one-string braid is topbhewever, the characteristic tifi¢l” can be comparable with the
logically trivial. Two-string braids can simulate the twist otharacteristic magnetic relaxation tinig V4. The relaxation
magnetic lines around each other. With three or more strintypically involves reconnection which proceeds at the rate of
the braid can simulate topologically complicated configuratiortens or more Alfén times.
We identify the strings with thin magnetic flux tubes and their Consider the dynamics of a loop (braid) in the minimum
positions at the lower and upper plane with the positive and nesate (Fig. 2). If the crossing number of the loop structure is
ative footpoints of the flux tubes. This represents magnetic lodgigh enough then internal reconnections will move the config-
in the solar atmosphere assuming that the positive footpoints aration down the minimum curve releasing the energy in small
well separated from the negative ones. What is neglected in spaitions. According to estimates by Berger (1994) for a three
representation is the curvature effects of loops. The complestring braid, the reconnections become effective when the ra-
ity of a braid is measured by the number of times the stringje between the transverse and axial components of the field
cross each other as seen in projection. Because the braidsratee braid,B,/B, exceeds 0.3, which corresponds to about
three-dimensional, this crossing number depends on the viewian80 degree angle between the directions of neighboring field

Relaxation along the minimum state:
the source of “nanoflares”
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Fig. 3. The reconnection of a topologically complex closed magnet
loop with an open flux tube (left picture) releases a train of circularl
polarized Alfven waves into the solar corona. The new closed loo
(right picture) formed in this process continues the blinking “nanoflare
Fig. 2. A magnetic loop emerging with arbitrary valuesiof and K,  activity.
evolves fast (in a reconnection time) to the minimum state defined

by the magnetic energy and crossing number. Reconnections destroy
crossings and thus move the configuration down along the minimdri€ mean life-time of the ephemeral regions is 4.4 hours (t
state curve. Random photospheric motions increase topological cdélispersion is high, there are ephemeral regions living 12 hour
plexity and thus move the configuration up along the curve. Hence aboutv = 10* x (4.4/24) ~ 2 x 10° of these re-
gions, which we identify with our braided loops are prese

lines. If the transverse field is smaller there is enough time ba. the Sun at any time. An ephemeral region is composed

: ; . any unresolved flux tubes. We conservatively estimate the
tween reconnections for random convective motions to entangle : . .
. ; . . . IUs associated with a loop to be about the width of the ne
the braid, thus increasing the crossing number and moving the 3 . ; .
e : . 2 Work, r, ~ 10° km. The speed of motions in the network ig
structure up along the minimum state. This leads to a stational N ;
R . . : out 1 km/s. Substituting these numbers into Eqg. (3) we obta
situation in which the rate of magnetic energy input throug
the random motions is balanced by the rate of energy rele?l

b~ 3 x 105erg/cmzs. This power is released in small por-
. o ons, intermittently, and may be associated with “nanoflare

through the reconnections. The energy per unit time release

in a loop due to moving along the minimum state can be est%

d:

i- . .

mated from Eq. (L)dE/dt — 2aKdK/dt. Due to convective 10 heat the whole corona it can be important source _of hei
) . ing of the lower part of the corona, see the next section, a
motions of a random-walk type (with root-mean-square veloc- . - "
.Can explain the phenomenon of “blinkers” recently observed

ity V) the flux tubes become more entangled. If the Steps'é%HO/CDS (see http://solg2.bnsc.rl.ac.ukicds/main.html)
A is large enough, e.g\ = ¢, then the entanglement prevents ' ' R ' '

cancellation between subsequent steps going in opposite direc-
tions. Thus the rate of change bf, and hence and K, willbe 4. Generation of waves by reconnections
proportional toV. From Eq. [R)dK /dt = (eV/£)n>/?, where of braided loops with open field lines

e measures the efficiency of braiding dueFo the rqndom mOtio'ﬁiere is another, more sporadic, effect of reconnection: Frag
Berger (1994) found ~ 0.5 for a three-string braid. The valuetime to time, randomly, a topologically complex loop meet

of 1 at which energy loss through reconnection balances ene?ﬂ?’open field of opposite direction and reconnects, releasin

supply from the twisting will be assumed to be 0.3Mfis the . , . ; .

train of Alfvén waves up into the corona (Fig. 3, first suggeste
total number of such loops on the solar surface then the power . ;
: : y Axford and McKenzie 1992). Because these waves ari

per unit area for the whole Sun is : : . . : .
from atwisted configuration, they are circularly polarized. Sing
N dE  0.1euNV (&> K scales a:®/?, the numberkn~*/> measures how many
=5 : (3) times one flux tube inside the loop wiggles about its neighbo

AmRe, dt 6mRE . L . . .
The size of this wiggling can be associated with the minimu
Note that it does not depend on To evaluate the power wavelength of the emitted waves:= L/(Kn=3/?) ~ 31/p.
(3) we identify the braids with closed loops evolving in th&he corresponding upper-bound frequeMGy/ A ~ V4 /3l is
solar magnetic network. The network magnetic field is mosttiefined by the Alfen speed and the typical radius of the flu
open, the only polarity mixing (closed loops) is provided biubes?! = rn—'/2 braided in the loop of radius. The lower-
small bipoles of typical fluxd = 101 Mx called ephemeral bound frequency is abolifs /L.
regions. Ephemeral regions have been extensively studied byAt present, the numerical values of these frequencies ¢
K. Harvey (Ph.D. thesis Utrecht Univ., 1993) and others whosaly be estimated on model grounds. For example, Marsch a
ground-based results are summarized and extended by the maw1997b) useB = 130 G at L. = 3000 km where the den-
SOHO/MDI results in a recent paper oy Schrijver et al. 1993ity is 5 x 103cm ™3 and B = 10 G atL = 12700 km where
The emergence rate of ephemeral regions estimated from tie density i$5 x 106cm 3. At both levels it gives the Alfgn
ground observations is abotilV/dt = 10° per day on the en- speed about0* km/s. Because the siZeis below the present
tire Sun. The rate estimated from the MDI magnetogramsdpatial resolution of observations (0.2 arcsec or about 150 k
about 10 times higher due to the improved spatial resolutiome estimate the minimum of this size by the order of magnitud
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as a thickness of a skin-layer determined by plasma resistivityptions and the Alfén speed in the convection zone are of
ie. ¢ ~ LR;}/Q ~ 1 km, whereR,, ~ 10% is the magnetic the same order. Hence, the balance between increase and de-
Reynolds number on the solar surface. With this minimum sigeease of topological complexity (twisting and reconnections),
andV, = 10* km/s the upper frequency reaches about a thoean easily be achieved and sustained. Because the magnetic flux
sand Hz required in these models. The lower-bound frequerfeyand topological complexitys” in Eq. (1) are conserved, the
is about 1 Hz. It is worth noting, however, that even with thignergy of an emerged loop is different from the energy the loop
extreme value of, these estimates are very crude already bead inside the convection zone due only to the change of the
cause there are no measurements of magnetic field in the sti@p size. Let., be the loop size beneath the solar surface and
corona. In view of the importance of these frequency bounds,is the size above the surface, as used before. Then, it fol-
especially the upper one, a more detailed study is needed. lows from Eq. (1),AE = E(K)(L/Lo — 1). The expansion
On the other hand, there is no special need for very hifgetor L/ Lo, expected> 1, is unknown, although in principle
frequency waves damped close to the solar surface. This heaft be found from MHD models of magnetic field generation,
release closest to the surface can instead be provided by@mergence and subsequent expansion the emerged loops into
relaxation along the minimum energy state, described in tH solar atmosphere. In any case the emerging loop (not in the
previous section. The waves with lower frequencies,ssdy0 Minimum state) can releade/ L, times larger power than the
Hz, can still be an effective source of heat and momentum higte@p in the minimum state. After that the loop will relax to the
in the solar atmosphere provided they carry a sufficient enef@jnimum state and the estimalé (4) is valid.
flux. We conclude that our estimates, based on the use of the
The energy flux of the waves depends on the energy contéfificept of the minimum energy state, support models of coro-
ofthe closed loopE (K') when tis in the minimum state, and thenal heating and acceleration of the solar wind by high-frequency
rate of its energy release contacts with the open configuratiéffy én waves. The severe requirements on the upper-bound fre-
To evaluate the energy flux we identify, as above, the clos@dency, used in these models, can be relaxed by taking into
loops with small-scale bipoles (ephemeral regions) and assuageount the energy released due to reconnections within mag-
that the loops are destroyed through reconnections with the opéfic loops whose footpoints are twisted by surface convective
field. Then the minimum rate of contacts with the open field fgotions.

f[he _rate_ of emergence of ephemeral regions. Howe\{er du”/Q(g(nowledgementsNe thank the referee and Joan Feynman for help-
its life-time, a closed loop can come into contact with Opeg) critical comments. This research was conducted in part at the Jet
configurations many times acquiring energy due to twisting it§opulsion Laboratory, California Institute of Technology, under con-
footpoints in between. The power released into the waves fetct with the National Aeronautic and Space Administration, and it

entire Sun can be estimated as was supported in part by International Division of National Science
Foundation.
0E(K)dN 5 erg
P, ~v — ~0.2x10 ) 4
v 4wR% dt cm?s “)
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