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Abstract. We consider the generation of electric currents in the sieomosphere. The ionization
level in this region is generally supposed to be low. We shbat the ambient electrons are
magnetized even for weak magnetic fields (30 G), i.e. thewfggquency is larger than the collision
frequency; ion motions continue to be dominated by ion-r&gbllisions in this region. Under such
conditions the ions are dragged by neutrals. As a resulilyhamics of magnetic field resembles
frozen-in motion of the field with the neutral gas. On the othend magnetized electrons drift
under the action of the electric and magnetic fields indunatié reference frame of ions moving
with the neutral gas. This relative motion of electrons amukiresults in the generation of quite
intense electric currents. The dissipation of these ctsrieads to the resistive electron heating and
efficient gas ionization. lonization by electron-neutralpiact does not alter the dynamics of the
heavy particles; thus the gas turbulent motions persist eeen the plasma becomes fully ionized
and the resistive current dissipation continues to heatreles and ions. This heating process is so
efficient that it can result in typical temperature increaséh altitude as large asD— 0.3 eV/km.

We conclude that this process can play a major role in tharfteat the chromosphere and corona.
We show that the physical conditions in the solar chromosnhie particular the neutral and ion
density dependencies upon altitude, are very similar teethio the lower ionosphere of the Earth.
A very similar process of current generation occurs in theogphere after strong earthquakes,
resulting in the generation of strong perturbations in tm@sphere. We then present well-known
results of the observations of such perturbations, whitdwaén evaluation of the increment of
the growth of the perturbations with altitude, making useoofospheric sounding. These results
are in perfect agreement with estimates obtained making usedel similar to ours. We consider
that these observations clearly show the efficiency of theighl mechanisms discussed, and thus
provide strong support for our ideas.
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INTRODUCTION

The detailed physical mechanism of coronal heating is notwedl understood. A
number of fundamental questions remain that challengeetieal descriptions and the
interpretation of observational data (see, e.g. Klimchijk \Walsh and Ireland [2], for
recent reviews). In addition, the heating of the chromospheguires much more energy
than the heating of the corona, and this related processagdéficult to understand.
Parker [3] proposed the idea that the solar corona could éetdy the episodic dis-
sipation of energy at many small-scale tangential disooittes arising spontaneously
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in the coronal magnetic field, as it becomes braided andadisy random photospheric
footpoint motions. These events — sudden changes of theetiadjeld topology — hypo-
thetically result in plasma heating and the acceleratiomoofthermal particles. Parker
invented a special name for these elementary energy redeasés nanoflares The in-
spiration for this was the discovery of the hard X-raicroflares[4]; the energy of one
nanoflare was to be roughly 1®times the energy of a major flare, and thus orders of
magnitude weaker than even the microflares. Parker’s idealsted intensive searches
for any observational signatures of nanoflares [5, 6, 7] hait possible contribution to
the overall energy budget of the solar corona [1].

Microflares were first detected in hard X-rays in a balloomrleoexperiment [4].
The subsequent development of new instrumentation pradonceti-wavelength satel-
lite and ground-based high-resolution observations ofllemscale ¢ 10° km or even
smaller) and lower-energy phenomena. Soft X-ray imagingakd abundant mi-
croflares in active regions [8], and RHESSI observations doilnat virtually all of a
sample of some 25,000 hard X-ray microflares occurred in@otigions. Krucker et al.
[9] found flare-like brightenings in areas of the quiet Sumd abservations at EUV
wavelengths (e.g., the “blinkers” [10]) reveal burstingiaty above the boundaries of
the magnetic network. Similar phenomena that form smalaxijets at the limb were
reported by Koutchmy et al. [11]. From these and other EU\koksions [12, 13], if
not the hard X-rays, we conclude that Parker’s idea of ejduehting of the apparently
steady quiet corona should not be discarded, even thougbnwincing evidence for the
required steepening [14] of the energy distribution fumtthas yet been presented.

However, the idea of coronal heating via tangential disooiities that arise sponta-
neously (nanoflares) does not address two important questitamely, where does the
excess magnetic energy come from, and what was its orignats? Parker’s analysis
considered ideal MHD statistical equilibria that containltiple discontinuities. Later
Rappazzo et al. [15] showed that a large-scale MHD energycsqearturbed by slow
motions on its boundary, supposed to be induced from theoppbere, results in the
generation of a Poynting flux. This drives an anisotropibulent cascade dominated
by magnetic energy. The result looks similar to Parker'gliag of magnetic field lines
but the small-scale current sheets (which replace the tdiadiscontinuities) are con-
tinuously formed and dissipated. In this modification of ihi&al scenario the current
sheets are the result of the turbulent cascade. The initealyg reservoir in such a view
is contained in large scale magnetic-field structures.

Here, we discuss another possibility: the direct genemadiorelatively small-scale
electric currents by neutral gas motions. Clearly, a hugeggneservoir exists in the
form of turbulent motion of neutral gas at and beneath thaqsphere, supported by
the underlying convection zone. It is widely accepted th& €nergy can be partially
transformed into excess magnetic energy in the chromospdnal corona. However,
there is no quantitative model that describes the physieahanism of the necessary
energy transfer. The development of a model that descriiegptocess from quasi-
neutral gas motions to the magnetic field in a step-by-stepnerainevitably raises
guestions about the spatial and temporal scales at whidh gucansfer can occur
and about its location. Recent observations provide strodigations that the energy
reservoir is indeed the dynamic turbulent photosphere, that the energy transfer
from the turbulent gas motions to various kinds of trappedi taansient magnetic field
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oscillations takes place at the chromospheric level.

Analysis of the high resolution spatial-(150 km at the Sun) and temporal (few s)
data obtained by the SOT (the Solar Optical Telescope) diddianderevealed that the
chromosphere is dominated by a multitude of thiXRQ0 km wide) dynamic, jetlike
“type II” spicules [16]. These are ejected upwards with elcteristic velocities of
20— 150 km/s and reach heights of 2060000 km before disappearing from the
chromospheric passband (in this case, the H line ofifalhe type Il spicules have
short lifetimes (16- 300 s; most of them last less than 100 s) and many of them umderg
substantial transverse displacements of the order of3@D0 km. Moreover, the large-
scale long-living spicules display oscillatory motionstive direction perpendicular to
their own axes. Since the spicule structure can be takenttm®uthe direction of the
magnetic field, this led the authors to the conclusion thabiiiserved motions indicate
Alfvénic perturbations.

Furthermore, the spatio-temporal variations of the chigphere have always re-
vealed the greatest complexity, and prominences alsostmisiumerous threadlike fea-
tures with strong and mixed flows along these threads [173e@®ations with SOT have
provided an exceedingly variable and dynamic picture asétfeows and field structures
[18]. The SOT chromospheric data are in the H-line (Gashowing plasma at roughly
2.10* K. The movie presented by Okamog al. (available on theHinode web site
http://sol arb. nsf c. nasa. gov/ ) shows ubiquitous continuous motions along
the prominence thread lines. The oscillatory motions oekmight be interpreted in
terms of propagating or standing Alfvén waves on the magriitid that presumably
structures the prominence. The typical transverse spatgdé of threads was found to
be of the order of 600 km, with a characteristic length of thaeo of several Mm. The
characteristic temporal scale was found to vary from 10@tesal hundred seconds.

SOT observations near the limb led to the discovery of amathmall-scale dynamic
phenomenon in the chromosphere: tiny chromospheric “anemnets,” named for the
similar X-ray features [19]. These jets resemble largetesdeatures well-known in
Ha data and termed “surges” or “sprays”; these often occur seaspots and in
association with flares or other transient activity (e.@]J2All of these observations
can be considered as indications of the generation of suoale perturbations and
oscillations of the magnetic field in the chromosphere, wlibe degree of ionization is
still relatively small.

Very similar problems have also been addressed via compinterations. Several
types of codes have been developed to study the dynamic,eti@gand energetic
connections between the convectively unstable layersabte visible surface of the
Sun, and the overlying solar corona. To achieve this oljedtltie various authors have
developed numerical descriptions of the different phyisizacesses, such as energy
exchange and radiative transfer, as realistically as plessihey then combine these
algorithms with an MHD description of the plasma/gas matioFhe simulations aim to
describe the evolving convection zone and corona withingisicomputational volume.
A series of simulations of the quiet Sun in a domain that ermgasses both the upper
convection zone and low corona were performed making use@fod such codes by
Abbett [21, 22]. These simulations use the so-called RADMlgDe; which employs a
unique combination of existing, well-studied algorithrasolve the MHD system semi-
implicitly on a domain-decomposed computational grid.llbhwas one to address much
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of the inherent spatial and temporal disparity of the systém described by Abbett
al. [21, 22] where the results of the simulations are preser@ad. the magnetic field
generated by a convective surface dynamo account for sohe abserved properties
of the quiet-Sun atmosphere? This work disclosed that

« Itis possible to heat a model corona to X-ray—emitting terapees with the mag-
netic fields generated from a convective dynamo, and an eralhyrbased heating
mechanism consistent with the observed relationship ketieray emission and
magnetic flux observed at the visible surface;

» Within the limitations of the numerical models of the quieinSthe resistive and
viscous dissipation alone are insufficient to maintain adeotna;

« The quiet-Sun model chromosphere is a dynamic, non-fareeekyer that exhibits
a temperature reversal in the convective pattern in théivelg low-density layers
above the photosphere;

« The majority of the unsigned magnetic flux lies below the nhquetosphere in
the convectively unstable portion of the domain;

 Horizontally-directed magnetic structures thread the &mosphere, often con-
necting relatively distant concentrations of magnetic thipserved at the surface;
and

+ Low-resolution photospheric magnetograms can signifigaimderestimate the
amount of unsigned magnetic flux threading the quiet-Sunqsphere.

The results of these calculations [21, 22] that we presemt Wwere obtained making
use of a box with(x,y,z) dimensions of %-10° km by 13-10° km by 26-10°
km, using 142111-111 grid points on a non-uniform mesh. The mesh points were
concentrated near the lower bound&ry= 290 km nearz = O (the solar surface), and
Dy = Dy = 370 km. A uniform resistivity) has been used, corresponding to a Lundquist
numberS= 1r/Ta = 10*. Here,Tr = %; is the resistive diffusion time, argh = L /Va
is the Alfvén time for a length scale= 65000 km. This is approximately the separation
of the two poles of the emerging flux tube (after it has fullyezged). A uniform
viscosityv is also used, correspondingtp/ta = 150, wherer, = L2 /V is the viscous
diffusion time. The higher viscosity (relative to the resity) was used when relaxing
a configuration toward a force-free state. One of the impbdaestions that arose from
the results of these studies, but not explicitly treated@vious publications, is related to
the extremely strong electric fields that are generatedeasegult of turbulent motions.
Indeed, the motions of plasma with characteristic velesitf several km/s across the
magnetic fields of the order of tens of Gauss result in themtdelds reaching several
tens of V/m and even more. We present here a description afghtal distribution
of velocity, magnetic and electric fields that are placedrendurface at an altitude of
580 km above the temperature minimum in the chromosphere.

Figures 1 represent the typical spatial distribution of yr@mponent of the mag-
netic field, at one moment of time during the run, and the apdistribution of the
x-component of the velocity. Figure 2 shows the spatial idbistion of thez andx com-
ponents of the electric field. One can see that the electid éen reach extremely
high values, up to several hundred V/m. Figure 3 represéetsharacteristic correla-
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tion function of this field. Note also that the charactecistale of the field variations is
of order of 300 km. The problem of current variations on sutdles can lead to very
important additional effects that are not included in suadeis. Taking into account
the exponential decrease of the gas and plasma densitietheamdectron-ion-neutral
collision frequency, one can suppose that locally the &ffetthe electric field can re-
sult in generation of the strong currents. From an entiréfgmrént point of view, an

estimate of the electric field inside quiet coronal loopsiltssn values of the order of
10710—10° V/m. Such small electric fields correspond to small potéwlierences

between the feet of a loop of size 60000 km, only of order-eflD V. This poses ques-
tions: where are the strong fields located, and why don’t gesetrate to high altitudes?
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FIGURE 1. Left: Y-component magnetic field variations characteristi a quiet-Sun model along a
horizontal slice through the 3030 x 7.5 Mm 3 domain at 580 km above the surface of the photosphere.
Right: X-component of the velocity distribution for the samun along the same horizontal slice.
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FIGURE 2. X (left) and Y (right) components of the electric field disuitions for the same run along

the same horizontal slice.
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FIGURE 3. Spatial autocorrelation of the X-component of the eledteid for the same run along the
same horizontal slice averaged over Y-direction.

THE COUPLING PROBLEM

In spite of greatly improved observational data, the ptsy/sicchromospheric and coro-
nal heating is not yet well understood. While the underlyirgchanism must be asso-
ciated with the magnetic field, the details of how efficieritig energy of convective
motion is transformed into magnetic energy in the solar afghere is an open question.
The importance of this process should not be understatedrdievant not only to coro-
nal heating and the acceleration of the solar wind, but alsbd formation of the initial
spectrum of wave turbulence introduced into the solar wind.

We propose a mechanism to generate electric current bastte oklfvén or mag-
netosonic waves that result from strong ion-neutral drag.a8sume the photospheric
motions to be turbulent, and to consist of both compressimmé rotational flows with
energies exceeding that which is necessary to drive thenadas®scillations of sus-
pended threads or jets in the chromosphere. The questidremshow these motions
are transported from the photosphere to the chromosphetdiav the flow of neutrals
leads to motions of the charged particles and, ultimatelghé generation of electric
current.

There are two physical processes that are necessary tortdngeenergy of the
neutral gas motion into the magnetic field oscillations.tBspheric motions of charged
particles are dominated by frequent electron-neutral aneheutral collisions, so that
ions and electrons tend to follow the neutral gas motion thiézero net electric current.

Since density falls off rapidly with height in the solar chrosphere, the electron
collision frequency of neutrals and ions decreases to tire pdere it becomes smaller
than the electron gyrofrequency. However, the ion-newodlision frequency at this
height still remains substantially larger than the ion dggquency, since ion-neutral
and electron-neutral collision rates are not substaptibfferent (e.qg., [23]). Therefore,
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the motions of ions and electrons differ. Electrons tend ¢@eralong the magnetic field
lines and drift due td& x B in the transverse direction, while the ions continue to move
together with the neutrals. This difference results in teeegation of electric currents
as established in the following.

To view this situation from a different perspective, if iansve together with neutrals
(due to the strong drag) with some angle to the backgrounahatefield, an inductive
electric fieldv x B appears in the reference frame of the plasma. This induestriel
field inevitably generates electric currents that can beutaed using the plasma con-
ductivity tensor. When electrons and ions are both demaggektithis tensor reduces
to the simple scalar conductivity, and the resulting curisrvery small. When elec-
trons become magnetized, the motions of electrons and Ectnie decoupled, and the
efficiency of the current generation is substantially highe

Thus, we conclude that there is an efficient chromosphem@uiy operating in the
layer between the level of electron magnetization and tighbhe/here either the degree
of ionization becomes high (comparable with unity) or whtre ions become mag-
netized. Forced oscillating currents are generated méstteely when the inductive
electric field has characteristic frequencies and wavéfsnglose to the eigenmodes
of the system, i.e. the MHD type waves in the magnetized weaklized plasma. At
higher altitudes, where ions are also magnetized, the matiagons and electrons can
still differ. However, under these conditions, both comguais will mainly move along
the magnetic field lines and perform drift motions acrossfigld. Thus, the current is
directed mainly along the magnetic field lines, while in theermediate region it can be
generated in an arbitrary direction.

In summary the problem of the current generation by the tartiulow of photo-
spheric neutral gas involves two separate steps. Firsterieegy and vorticity of the
photospheric motions will be transported upwards to thellexhere the electron and
ion motions become de-coupled. Second, one must derivef-agaistent system of
equations describing the inductive electric field and treulteng deformation of the
background magnetic field. Finally, using the obtainedteletield and current density
estimates we may discuss the efficiency of the electronrtpdtie to collisional heating
and other possible processes.

ATMOSPHERIC MODELS

We appeal to standard semi-empirical atmosphere modedpfooximate values of the
physical parameters of the plasma in the photosphere anchtbenosphere. Fontenla
[24] provides a recent series of eight such models repriegefeatures such as the
quiet Sun, faculae, and sunspots. Such models are based @osecapic radiative
transport theory and are adjusted to recreate solar speofs@ observations. They do
not represent the dynamics, nor the plasma physics, simgedte static single-fluid
models. Figure 4 compares collision frequencies from thetéfda quiet-Sun model
with the gyrofrequencies of electrons and ions. For thisrege we assume a constant
magnetic field of 30 G [e.qg. 26, 27].

The Fontenla models cover a range of physical features isdla@ atmosphere, and
were originally intended for irradiance modeling. Here, wge these models as a guide
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FIGURE 4. Collision frequencies in the quiet-Sun model of [24]. S¢tidtted) curves represent proton
(electron) collision frequencies, with the lower lines wiy neutral rates only [e.g. 23]; the horizontal
lines show the gyrofrequencies (electrons and ions) forsanraed field strength of 30 G. Reproduced
with permission, copyright (2010) Institute of Physics IO

to set a range of parameters that are reasonably consistenhis limited theoretical
framework — with solar structure. Figure 5 shows the locatid the chromospheric
dynamo layer for the full range of models. The electrons aagmetized, for all models,
essentially throughout the solar atmosphere. Thus thematspheric dynamo layer
begins close to the photosphere and extends high into tlwendsphere. This is true
of all of the Fontenla models, ranging from sunspot umbrarighi facula, for which
the transition-region pressures range fro @ about 20 dyne cm2.

We emphasize that these models do not have any plasma plysiesm as such,
and only serve as references at the order-of-magnitude.dealeed, the mechanism
discussed in this paper will certainly require drastic sems of these models.
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FIGURE 5. Chromospheric dynamo layers for the various solar featmedelled by [24]. The field
strengths assumed are 30G for the quiet Sun (the lower twelsiodnd 1500G for the others. Repro-
duced with permission, copyright (2010) Institute of PhggOP)
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ENERGY TRANSFER FROM THE PHOTOSPHERE TO
CHROMOSPHERE

We first consider the physics of mass, momentum, and eneagggort between the
photosphere and upper chromosphere. In order to formulaiatlaematical description
of the problem we need to take into account physical conttiat the level of the
photosphere and chromosphere, as described above.

As shown by Krasnoselskikh et al. [28], the physics of massnentum, and energy
transport between the photosphere and upper chromospremeittally be described in
the framework of the model of an isothermal atmosphere. Hseigsupposed to have
a constant sound speed and to be stratified by a uniform gtiawial force acting in
the negative z-direction, for whicho (z) = pphexp(—z/H). Herepy, is the density at
the level of the photosphere corresponding te 0, CZ = (YPoh/Pph), is the adiabatic
sound speed; is the gravitational acceleration apdhe ratio of specific heats. The gas
motions can be described by the equation of continuity, theton of motion and the
equation of state that for the sake of simplicity was choedretadiabatic. It was shown
that solutions can be chosen in the foR,Vv ~ expi(wt — kex — kyy — k;2), whence
the problem can be reduced to the analysis of the dispersiatian that determines the

_>
dependency of the frequency upon components of the wave vectkr. The problem
is formulated as a boundary-value problem where we assum@dhturbations and
their time dependences to be prescribed at the bourmiarg. The goal is to describe
the dynamics of the perturbations at lezet h. In this case the very same equations
should be used to find out the dependence of the compépehthe k-vector upon the
frequencyw and other components, ky. Substituting the dependencies defined above
into the linearized equations one can obtain the dispeeggoiation in the form
iKy-1 y—1

. i
Tl —|Gc§(k2+K2)(K+—T) =0,

[® — iKg]{w? — C3[(K* +K?) + w

whereCZ = yGH, k? = k2 + k2, K = k; — ; and

ke

o w* — wPC3(KR + ;55) + (v — Dkg?
2H w?C3 ’

This analysis demonstrates that a wide class of perturismsatisfying the condition

1
m) + (Y— 1)k262 >0
increase with height, and the characteristic growth rafessm k, = 1/2H.

This phenomenon, the “effective growth” of the perturbasionith altitude in a
hydrostatic gas equilibrium with exponentially decregsaensity is well known in
the terrestrial atmosphere. It plays an important role & pghopagation of infrasonic
perturbations induced by explosions in the atmosphere g9g30]. The very same
physical phenomena are supposed to play a very importanirrdthe solar photosphere
and chromosphere and were intensively studied in numeroogputer simulations,

w? — w?Cq(K? +
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including other important effects such as radiative transf31]. Several results of
these simulations add important features of neutral gagonwtlt is worth mentioning
that the authors note that the vorticity is mainly generdigdaroclinic forces and
tends to concentrate in tubelike structures the widths athkvis comparable to the
numerical resolution. Another important feature for thagpha heating consists in the
formation of supersonic flows and shock-like structureshibcks form systematically
in these flows they could become an important factor of cdrbweating. However
according to Stein and Nordlund [31] the shocks are indeegmvled at the edges of
integranular lanes, but are a rare occurrence. At any oreg sapersonic flow occurs in
only 3-4% of the surface. The role of acoustic gravity waweslso intensively studied
experimentally. Recently new experimental studies combir8OT/NFI and SOT/SP
instruments operated on Hinode satellite and the MicheBBoppler Imager (MFDI)
on SOHO with the 3D computer simulation were performed ba#&ret al. [32]. The
authors came to the conclusion that the gravity waves arddhrenant phenomenon in
the quiet middle/upper photosphere and that they transpéiitiently more mechanical
energy than the high frequency & mHz) acoustic waves. In addition they conclude
that the acoustic flux is 3 5 times larger than the upper-limit estimate of Fossum
and Carlsson [33]. These observations together with the noahenodels allow one
to consider that acoustic gravity waves are one of the moggbiitant energy sources;
they can be considered as a reservoir of energy that mightahsformed to magnetic
field by the generation of electric currents.

One should notice here that the absolute magnitude of th&tgigrerturbation actu-
ally decreases with height, but it drops more slowly thanlthekground density. This
results in the growth of the relative density perturbatieritten asp/pp in our notation.
On the other hand theelocityperturbations actually grow exponentially. An important
issue here is the characteristic vertical scale of this groWaking the gas temperature
to be 5000 K we findH = ',f,?—g = 140 km. This linear analysis includes only the effect
of the growth of the velocity and relative density pertuityas with the altitude, hence,
the perturbation scales do not vary with altitude. Of coutisere are a wide range of
phenomena, such as vortical flows, that are not accounted fiois formalism.

For example, the vortex radius can decrease with altitutéedd, assuming conser-
vation of angular momentum, the increase of the velocityukhgesult in the shrinking
of a the transverse diameter of the vortex. This effect msvaalt for Rossby vortices in a
multi-layer atmosphere and it is in a good agreement withotieervation of Stein and
Nordlund [31] that the vorticity concentrates in small sctaibes.

MAGNETIC PERTURBATIONS PRODUCED BY THE
TURBULENT MOTIONS OF THE NEUTRAL GAS

Turbulent convective fluid motions at the photospheric llex¢end upwards into the
lower chromosphere. The latter is a weakly ionized plasntla atypical temperature of
6000-7000 K, neutral hydrogen densiiy ~ 102 — 10 cm~3, and electron densitye

~ 1019 — 10" cm=3. Under these conditions the frequency of the ion-neutrtibamns

is as high avi, ~ 10’ — 10°s~* which, as will be confirmed below, produces quite a
strong drag effect resulting in the bulk velocity of ioWs closely matching that of the
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neutral gas\/n Then the magnitude of the generated electric curqem Ne€( 7 Ve

nee(Vn —Ve) is determined by the electron bulk velociy. The latter is governed by
the equation of motion for the electrons

dVe = —e{ﬁ + Ve X ﬁ (Ven+ Vel)me(ve> _\7n>)7 (1)

whereven~ 5 x 108 —10'%1 s the frequency of electron-neutral collisions, the major
source of the electron dragei is electron-ion collision frequency.

Ions are supposed to be dragged by neutrals, thus the yelicelectrons reads
Ve = Vn — ] /en

The physical processes we describe occur in a parametex cangesponding to the
transition in electron motions from unmagnetized and swlfi-dominated, to magne-
tized, when initially| wse |< Ven+ Vej, and then with the growth of altitudewse | be-
comes larger thafven+ Vej). We consider hereafter slow motios< (Ven+ Vei), | Wae |
similar to those we described in the previous paragraplnigrcase one neglect the elec-
tron inertia in the left-hand side of Eq. (1). Then it can baified to obtain

—_>
—€(E + Vo x B]— [T x BJ} + (Ven + ve)me L =0. @)

Applying the curl operator and usi@ﬁ — —Ox E, one obtains the final equation

B
ot

(Ven+ Vei)Me Ox B
i Ox—— @)

= 0x [V x ﬁ]——mx—[mxﬁ Bl-

where ] is replaced by = 1 =0 % B.

One can assume that the chromospherlc magnetic field campleseated al =
Bo+ b WhereBo is a background field, which for the sake of simplicity is assd
here to be just a uniform field, whileis a relatlvely small field deformation caused by
a prescribed flow of neutral gas with velocw and frequencyw. Then the linearized
(with respect td) version of Eq. (3) takes the form

(R-0)0x B —d2(1+1 @)Dzﬁ_%{(h V- RO} @)

W
whereh is the unit vector along the background magnetic field, dne c/wpe is the
skin depth.

Let us now estimate the relative roles of the different tenmthe left-hand side of
Eq. (4). Forne = 10** cm~3 the electron plasma frequency dge = 10'° s~1, which
ylelds thede ~ 3 cm The typical frequency of the neutral gas flows underldematlon
is w~ (1072 —1073) s~ and their length scale is ~ 10? — 10° km. ForBg ~ 100G
the electron gyrofrequenayge = 2 x 109 s~1, while the characteristic electron-neutral
collision frequencwep ~ (108 109) Therefore the ratio of the second and third
terms compared to the first can be conS|dered small. ThustiEgal be reduced to

B~ iR OV - RO -VR), 5)
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which means that in the lower chromosphere the magneticifigffectively frozen into
the neutral-gas flow.

This describes the magnetic field generation due to the motd conductive fluid,
neglecting small-scale effects scaling as the electrortiahéength, and assuming the
motions to be sloww < Qe. Let us now verify that the assumptlon made above, namely
that the bulk velocity of the |on§> IS so close to that of the neutra}’ﬁ that the electric
current can be written aqs = nee(Vn Ve) It can be easily found from (5) that

- _ 1 Bo Bo — -

:—Dxb:I—D V—h O-Vn)}~i——(h-0)0x V.

[ o0 < (- 0)V — 7 (0-Vi)} How< JH X Vn
BOVn

Using Eq. (5), the electric current can be estimatejjrasﬁ ~
the current -carrying electrons is

IowHL- The velocity of

d eBVa m g de
Ve~ e tomwH L ne? HLVn<Vn ©)

A simple estimate of the currents generated at differenmtudis and for different
values of the magnetic field can be obtained by assuming theateyas motions to
be rotational. In this case, the characteristic velocityhi vortexV,, of characteristic
spatial scalé. rotating with the characteristic frequenaycan be evaluated &5 ~ wL.
Thus, the characteristic magnetic field perturbatiodBs~ BoL /H, and consequently
the current density ig ~ 0B/oL ~ Bp/LoH. One can see that the magnetic field
perturbations can become quite large; the current dessitiemagnetic fields of the
order of 100G can become as great s Bg/pgH ~ 1072 — 10~ 1Am~2,

It is worth noting that this mechanism is dependent upon #lecity shear. An
interesting feature of this process is the very high efficyeaf the field generation
around the boundaries of the neighbouring vortices, whegecharacteristic shear of
the velocity of the gas motions is large. In this case theadtaristic velocity shear is
Vh/L > w; thus smaller-scale magnetic-field structures can be geatbquite efficiently
and magnetic fields generated and current densities canmmeetans or hundreds of
times higher than the estimate above.

ELECTRON AND ION RESISTIVE HEATING

To evaluate the electron heating efficiency, one should fiedinduced electric fields
parallel and perpendicular to the magnetic field. This caddree by using the compo-
nent of the equation of motion for electrons along the magffietd (Eq. 1).

dVe|| VenlTe .

=—ef—— s

in the lowest-order approximation one should take into antthat the frequencg of
wave motions is much smaller than the electron neutralsiotlirequency. This leads to
a classically collisional resistivity along the magneteddi where the dominant effect is

Me
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due to electron-neutral collisions

VenMe
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To evaluate the parallel electric field one should take ictmant the decrease of the
electron-neutral collision frequency with height, fram, ~ 5 x 10° to 1019, and the
plasma frequency varies in its turn from™®@o 10, Taking the characteristic current
densities obtained above we find electric fields in the refge- 10210t v/m,
with the electron heating written [34]

3., deT,
INET 0% - -0 g Qe )

Here pe is the electron pressure, and the electron heaf)ags determined by two
“frlctlon forces,” one due to the relative velocity betweehactrons and ions/neutrals

(Re., Ren) and another due to the electron temperature graﬁ&ent

Qe—<Fee.,ve V) + (Ren, Vo — Vi) + (RT, Vo — V)

Rei = —VeiMeNe{ 0.5(Ve — Vi) F + (Ve! —Vi1)}
Ren = —VenMeNe{ 0.5(Ve — Vi) F + (Ve —V 1)}
RY = —0.7No(F,0)To— Ne— [, OT.
2 Qe
As aresult
Q= -t v ™ o5t 2 SN R BYHOT @

here we neglect the diference between the ion and neutratities. The last term
in the equation of energy balance to be kept describes theflngahat is written as

0¢ = Que+ Gre, With

3 V = —
Tué = 0.7NeTe(Ve — Vi) + SNeTeq [, Vel —ViL],
e
NeT, NeTe(Ven+ Vei) 5 NeTe —
fro=—-316———<° [ Te—4.66—2°"" V0 T,— = h,O,T
qTe rr]e(ven+vel) H e %Qg J_ e Z%Qe[ J_ e]

We shall begin by evaluating the energy supply provided Bistiwe dissipation that is
determined by the first two terms in the right hand side of theation of energy balance.
The volumetric heating power of the electrons can be estidhas

3 dTe . Ven d2

w
—nkg—— ~ JHEH ~ 1o 582 104 10_3

me’
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In a stationary equilibrium, assuming that the macrosctipw evacuates the power
supplied by collisional resistive dissipation, one canneste the temperature variation

with altitude as )
dTe ,, dTe 0Te JIE)
e Z A Ao 9
dt %79z’ 9z 3nkgVe,

whereVg; is the characteristic macroscopic vertical velocity otaien (plasma) motion
that can be evaluated to be of the order of the sound velddign

9T IjE

~0.01—0.1 eV/km.

It is easy to see that the collisional heating of the elesttoecomes rather efficient.
Another possible evaluation of the temperature variatiith aititude can be obtained
by assuming a stationary static thermal equilibrium. Urglerh conditions the power
supply would be balanced by any of several possible chafoedsergy losses. Assum-
ing that the energy release is confined by the electron heatllacribed by the term
0ge in EQ. (7) one can find

0 0T
O R~ —KS—2
4™~ 5757
wherek; is the electron thermal conductivity in the parallel direot For our conditions
when electron-neutral conditions are dominant in the pardirection

wherey is a coefficient of order unity (according to Braginskii [34dr electron-ion
collisions; when ions are singly ionized, it is equakt8.8. This leads to an estimate of
the characteristic heat loss rate as

0 aneTe 0 kBTe k%neTez

]- 0~ —
9™ 52" meven 02 MeVenl 2’

where (Te/Lt) is the characteristic variation of temperature with attéuUnder the
physical conditions of the chromosphere this will lead to

Te J | EjMeVen
LT k%ne

Taking into account an exponential decrease of the plasmsitgieone can find that
it can heat the plasma to the hydrogen ionization energys(&€8) on a characteristic
distance of the order of a few hundred km. It should be notedeler that the thermal
conductivity increases with the temperature and this canlren some flattening of the
temperature profile.

lon heating due to the perpendicular electric field compboan be evaluated as

dT Mi Q7 dTe

T AE+ WV x Bl ~ e

(o)~ ( )¥2 ~ 0.1—0.3 eV/km,
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This estimate shows that the ion collisional heating careveral times smaller than or
comparable to the electron heating.

ON THE SIMILARITY OF PHYSICAL PROCESSESIN THE
CHROMOSPHERE AND SEISMIC EFFECTSIN THE
IONOSPHERE AFTER STRONG EARTHQUAKES

The following material is based on the publication by Logneet al. [35]. Our model of
electric-field generation and chromospheric electronihgatan be compared with the
observations of ionospheric perturbations after stromthgaakes, which involve phys-
ical mechanisms quite similar to those considered above pEnturbations resulting in
the Earth’s ionosphere are similar to those in the solamobsphere. Ground-based seis-
mic data are based on the detection of very small groundatisptents: even at the most
noisy frequency, A5 Hz, associated with a global seismic noise generated &smoc
waves, the amplitude of the ground displacement noise isdarrange of L — 10 um
and seismic waves with good signal-to-noise ratio can hayaitudes of a hundred to
a thousand times higher.

The atmosphere is affected by waves, in a manner quite sitoildae way in which
photospheric flows enter the solar chromosphere. After aihegaaake, seismic waves
generate vertical and horizontal motions of the surfacehefEarth. In some cases,
tsunami or oceanic gravity waves are also generated andigpecglrface oscillations.
By continuity of vertical displacement at the surface, theagphere is then forced to
move with the same vertical velocity as the ground surfabe.derturbation propagates
upward as an atmospheric wave and produces pressure andré&tump variations,
and oscillations of the atmospheric layers. The seismicewavith the largest ground
amplitude are the surface waves and especially the Raylefylesyv These propagate
along the Earth’s surface, in the crust or upper mantle, wilocities ranging from
3 to 4 km/s. For large and superficial quakes, their displargramplitude, even at
an epicentral distance of 4®&m, can reach several mm or even cm. The propagation
speed of the wave front being much larger than the sound spettet atmosphere,
the generated air waves propagate almost vertically fraenstirface location of the
Rayleigh wave front. With their long period$ ¢~ 10— 20 s), the infrasonic atmospheric
waves are not attenuated by the atmospheric viscosity: ghgyagate with a constant
kinetic energy and therefore, their amplitude grows exptialy as the inverse of
the square root of density quite similar to waves in the clogphere. As shown by
Figure 6, the density decays by 10 orders of magnitude bettteeground and 200 km
altitude, and amplification factors of 1@an therefore be encountered by these waves
during their upward propagation. The main difference witle solar chromosphere
is in characteristic scales: for the Earth the scale height B4 km, while for the
chromosphere it is- 10x larger. On the other hand the efficiency of wave generation
by the Rayleigh waves on the Earth’s surface is much smahertteeir amplitudes are
significantly weaker.

It is not only the neutral atmosphere that will oscillateldaling an earthquake.
Collision processes produce an energy transfer to the itreospelectrons and ions,
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which finally will result in generation of the electric cunts and charge separation. For
guakes of magnitude 7 or more, the ionosphere electronBabsavith velocities of a
few tens of m/s and are displaced by a few hundred m. Thesedoonospheric waves,
with horizontal speed imposed by the true solid Earth serfaaves, are the target for
remote-sensing observations of the surface waves.
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FIGURE 6. (Adapted from [35]). Density and sound speed profiles wititugle in the Earth’s at-
mosphere. The ionosphere typically develops above 120 #itadd and the maximum of ionization is
reached at 3568 400 km. Reproduced with permission, copyright (2007) EaespPhysical Society.

The first observation of ionospheric surface waves wereirddaafter a very large
Alaskan earthquake in 1964. At that time, the ionospherema@stored for the purpose
of nuclear explosion detection, and both the theories aadnstruments necessary for
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the interpretation of the atmospheric gravity waves gdrdry megaton-scale atmo-
spheric explosions had been developed [36], especialheabeismological Laboratory
of the California Institute of Technology. The pressure fhations generated by earth-
guakes are much smaller than those generated by typicatygreaves. The seismic
source is indeed located in the solid earth and the coupktgden the solid part and
the atmosphere transfers only o 10~° of the energy [37]. Resonances are however
found first near 3.7 mHz, where spheroidal modes have up ©%.0f their energy in
the atmosphere, and also near 4.4 mHz. These two maxima fesula wavelength-
matching of the Rayleigh waves with the mesospheric waveegidd] and can lead to
typical bi-chromatic seismic signals after volcanic atptoeric explosions [38]. Even
for a magnitude 8 quake, the pressure fluctuations reachediely microbars at the sur-
face and must be recorded with complex measurement systérad$arth atmosphere
is however acting as a natural amplifier and leads to largeatsgat 150 km or more of
altitude in the ionosphere, for earthquakes of magnitudel&rger.

The ionospheric oscillations can be remotely sounded by p@o sounder [39].
The principle of the Doppler sounder is to probe with elettagnetic waves in the
range 1-15 MHz. The emitted wave reaching the plasma modisiggopagation as
the electron density increases and will be fully reflectedch aiven altitude, where
the plasma frequency (a function of local electron dengitgiches the radio wave
frequency. If the reflecting layer is oscillating vertigale Doppler effect is indeed
observable in the reflected signal. The ground-based Dogplending can therefore
follow the oscillations in ionospheric layers up to 350 kritatle, where the maximum
lonization is reached. Modern instruments can detectoadrtielocities of a few times
10 cm/s, enabling therefore the detection of all quakes witlgnitude greater than
about 7 (Fig. 7). Comparisons of these observations with thogdased on a system
of equations, quite similar to those we obtained above fatdeing electric field
generation, show very good agreement. Moreover the useeofGIRAS stations has
resulted in detailed analysis of propagation of the pedtiobns of acoustic-gravity
waves to large distances from the sources and the recotstrud spatial pictures of
the perturbation distributions.

DISCUSSION

The current generation mechanism that we propose herergirdependent upon four
basic parameters: the velocity of the turbulent gas motitmes background magnetic
field, the characteristic frequency of the spectrum of tleumotions of the gas, and
the characteristic spatial scale of velocity shear. Thesyglay process of the generation
of electric currents and magnetic fields is actually notlotiger than the well-known

turbulent-dynamo mechanism operating as a result of thé&rélezing of the magnetic

field into the flow of the neutral gas.

The altitudes where this mechanism will operate are styodgbendent upon the
local magnetic field strength: the stronger the field, theelothe altitude of electron
magnetization. The efficiency of the electric current gatien is proportional to the
magnitude of the velocity shear. The characteristic spatales are proportional to
the characteristic scales of this velocity shear, i.e. toe florticity. It is interesting
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FIGURE 7. (Adapted from [35]). These signals correspond to the iohesp vertical velocity. They
are recorded by the Doppler sounder of CEA, at 143 and 169 ktadsd, by using the reflection of two
radio waves at 3.849 and 4.624 MHz respectively. Data warerded after a magnitude 8 earthquake
in the South Indian Ocean, on June 18, 2000. The bottom tragesponds to the data recorded by
a seismometer. For all data, synthetic models have beenuwtenhfor a spherically symmetric Earth,
including both solid Earth and the atmosphere. Most of tifferdinces at the ground are associated with
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of the ionospheric waves are probably due to a incorrecosisg profile in the atmosphere, such data
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permission, copyright (2007) European Physical Society.

to note that in this formalism, magnetic fields and curresis be generated by both
compressible and incompressible motions (see the first aoohd terms in Eq. (5)).
Compressive motion tends to amplify or weaken the backgrooagnetic field, while
the rotational component effectively generates the pefipalar or helical components
of the field. This means that compressional motions tendneigege transverse currents,
while non-compressional motions can generate field-afignerents as well.

Since density tends to decrease exponentially with heigltte chromosphere, the
characteristic velocity of chromospheric flows can inceelg a factor of ten or more
over their photospheric values. This gives rise to an eséirohthe characteristic mag-
netic field generated by such motions readily becoming coafyh@ to or even larger
than the background field. Their relative magnitude is deteed by the ratio of the
characteristic velocity of neutral motions at the altituafeelectron magnetization to
the characteristic parameteiH. One can see that for characteristic frequencies of the
order of 102 — 102 s™1, and characteristic heights of the order of 140 km, the field
generation becomes quite efficient already for velocitiethe order of tens of km/s.
The helical magnetic field component can become larger tamackground field. A
similar estimate shows that amplification/weakening oftihekground magnetic field
component can be evaluated to be of the ordéy/& ~ on/n. Under such conditions,
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we show that the electron heating can become rather effidiento the collisional resis-
tive dissipation of the electric current. These procesaks place in the regions where
the magnetic field vorticity increases.

It is worth noting that the efficiency of the electron and i@ating can become sub-
stantially more important than that due to the collisioresistive dissipation described
above. The electric current and magnetic field generatiohave discussed takes place
at the chromospheric footpoints of flux tubes that may extiatwithe corona. The di-
rection of the generated field is determined by the chariatitar of the gas velocity
shear and can lead to the formation of the magnetic field carafitpns that can become
unstable, or can form new structures by interaction witlghieouring fields with differ-
ent orientations. The increase of the perpendicular corpoof the magnetic field can
result in a kink instability if this component satisfies theukkal-Shafranov condtion
0B/B > | /R. Herel is the characteristic scale of the cross section of the tnddRds
its characteristic length. Under such conditions the tudn@not keep its configuration
intact; it will become unstable and then different kinds eftprbations will result in its
reconfiguration. Other types of emerging configurationgwiagnetic field inversions
will resultin local reconnection. The detailed study ofsbeffects lies beyond the scope
of our paper and will be carried out elsewhere.

The result of the heating would be a rapid increase of theadegf ionization of the
gas. It is worth remembering that our whole description igdvanly when the degree
of ionization is low. This rapid ionization process can leaccording to most radiative-
convective models [e.g., 40] to an efficient decrease ofddétive cooling rate of the
gas. Thus the generation of electric currents results rgtiothe plasma heating itself,
but also causes a decrease of the cooling process that arlldinengthen the effect of
radiative heating. We cannot make any quantitative eséirodthese effects, but they
may be adressed in future simulations.

The coupling of acoustic-type waves and MHD waves can aldcebéed in the MHD
approximation [e.g., 41]. The major difference in our aguto here is that the neutral
collisions reduce the feedback effect on the motion of theergaulting from the newly
generated magnetic field. This produces a more efficiensfiearof energy from gas
motions to current generation and magnetic field amplifocati

It seems possible to incorporate certain aspects of thiedlism into a system of
conservation equations similar to those used in [42]. It W@k, the resistive MHD
equations were solved numerically within a computatiormahdin that includes both a
turbulent model convection zone and corona. We are cuyreptiating this system of
equations to incorporate additional physics, and are pignto perform a comparison
between a standard resistive radiative-MHD model and owr mesults. We hope to
report on the results of this study in the near future.

CONCLUSION

We have presented an analysis of the effect of electric ouened associated magnetic
fields generation in a “chromospheric dynamo layer” wheeetebns become magne-
tized while ions remain collisionally coupled to the nelgr&Ve have shown that electric
currents and magnetic fields can be generated very effigidod to turbulent motions
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of the neutral gas. The efficiency of this physical proceggaportional to the charac-
teristic velocity shear of the gas turbulent motions anatisely proportional to their
characteristic frequency. We also found that the magnetidgithus generated can be
comparable to or even larger than the background magnelicfée motions having
characteristic scales of the order of several hundred kntharhcteristic time scales of
the order of several minutes. This can produce a substass#alcturing of magnetic
field configurations and an opportunity to create multiptessof reconnection. It also
results in an efficient increase of collisional resistivatireg of electrons and ions, and
hence the rapid ionization of the gas, thus unstably atjeteithermal equilibrium.

The similarity of parameters in the Earth’s ionosphere d@dSun’s chromosphere
provides an opportunity to refer to observations of ion@sperturbations, after strong
earthquakes, for evaluation of the effect of amplificatidgrsound-like perturbations
in the solar chromosphere. Simple reasoning based on gcstiows that the effects
described in [28] can be responsible for chromospheridigand ionization.
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