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Abstract. The necessary physical conditions for develop- chromosphere and transition region in conventional AC and
ment of the ion-acoustic instability in the chromospheric partDC models and (b) the exploration of magnetic reconnection
of a flaring loop current circuit are investigated. Two possi- models at lower heating efficiencies than in solar flares. Be-
ble scenarios have been studied. First, we consider that presause coronal holes and the quiet Sun demand two orders
flare loop plasma with the large-scale sub-Dreicer electricof magnitude less heating than the coronal part that is topo-
field has a classical Coulomb conductivity and, second, wherdogically connected with active regions, the solution of the
anomalous resistance appears due to saturation of Bernstegoronal heating problem has to be focused on the footpoint
turbulence. The Fontenla-Avrett-Loeser (FAL) model of the heated, filled, and over dense active region loops.”
solar atmosphere was used to describe the pre-flare plasma. The presence of a wide range of plasma instabilities in the
We have shown that investigated instability can grow andsolar atmosphere has been reportedMnClement1989
develop either in the presence of the Coulomb conductiv{(Langmuir wave instability), Fontenla (2005 (Farley—
ity or saturated Bernstein turbulence. We demonstrate thaBuneman instability (FBI))Voitenko and Goossern2002
in the case of small-scale instability, the threshold value for(kinetic Alfvén wave instability), etc. Some of these insta-
the degree of nonisothermality is high and, therefore, cannobilities were studied in the context of the possible energy
be reached by inclusion of the ordinary Joule heating. Thedissipation mechanisms (i.e. as processes) which are re-
ion-acoustic instability can develop at the pre-flare loop foot-sponsible for heating of the solar chromosphere. The influ-
points provided the electrons are more than 10 times hotteence of the Farley—Buneman instability on magnetohydrody-
than the ions there. namic wave propagation has been analysed numerically by
Fontenla(2005. Later, FBI was investigated further in or-
der to obtain the revised semi-empirical models of the solar
chromosphere, which vary from the quiet solar atmosphere
Vernazza-Avrett-Loeser (VAL) and more recent Fontenla-
Avrett-Loeser (FAL) models (sdeontenla et a).2008 1993
1 Introduction Vernazza et al.1981). The generation mechanism of small-
scale density irregularities in the partially ionized plasma
The problem of the solar atmosphere heating is directlygf the solar chromosphere by FBI was reportedGingob-
linked to the studies of coronal magnetic loops (see e.gerigze et al(2009. These small-scale irregularities can be
lonson 197§ Duijveman et al. 1981 Holman 1985  sed for remote diagnostics of strong cross-field currents in

Fontenla et a).2008 Gogoberidze et 312009 for details).  the solar chromosphere. Observations confirm that energy re-
Based on Vohkoh, SOHO and TRACE observational datajease in the vicinity of the loop footpoint regions (i.e. at the

Aschwanden(200)) proposed two strategies for the further
investigation of a heating problem: “(a) the inclusion of the

Keywords. Solar physics, astrophysics, astronomy (photo-
sphere and chromosphere)
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chromospheric part of the loop’s current circuit) is ubiquitous properties. First, this instability can be investigated by pure
in the solar chromosphere (eMelnikov et al, 2002. analytical methods (i.e. without making physical assump-
In the present paper, we explore the excitation mechations from the stage of its excitation up to saturation of ion-
nisms of the ion-acoustic instability and necessary physicabcoustic turbulence). Second, the growth of ion-acoustic tur-
conditions for its development in the pre-flare plasma at thebulence leads to the fast heating of a large plasma volume.
footpoint of a coronal flaring loop (see e.gryshtal and  Third, under additional conditions the ion-acoustic turbu-
Kucherenko 1996, i.e. at the region of the loop’s current lence can be an important element in the formation of the
circuit within the chromosphere and transition region. The pre-flare current layersSomov et al.198%).
FAL model of the solar atmosphere is taken into account (see
Fontenla et a).1993. We assume the presence of a strong
(kilogauss) magnetic fieldo and large-scale, quasi-static,

and weak electric field, i.e. sub-Dreicer fieltp (see e.g. In present work, the ion-acoustic instability of the pre-

Solankj 1993 Miller et al,, 1997). Bo and Ey are consid- flare plasma has been studied near the loop footpoint

ered as stationary, uniform, parallel to each other and almosb e. at heights 60@ /i < 1400 km above the photosphere)
perpendicular to the solar photosphere surface. L 9 P b '

) N . . In this region the pre-flare plasma can be considered as

The term “pre-flare” plasma is used in a very narrow sense,, " " . : :

The stream (or “drift”) electron velocity with respect to the dense af‘d cool” with typical values for density and tem-
perature (i.e. % 101°cm 2 < ne =n; <5x 101 cm2 and

almost immovable ions is much less than the electron ther; .
mal velocity V. For the time interval when the electron 5000K = (Te)o = (Ti)o = BOOOK respectively). For such a

stream is effectively decelerated by the ions and, therefore?lasma' the condition of quasi-neutrality

the percentage of “runaway” electrons is negligibly small, Ne=nj=n (4)
the stream velocity can be expressed as

2 Physical approximations and basic formulas

E is satisfied for the low-frequency waves (oscillations). Here
u= 20 1) ne andn; are the electron and ion number density. By tak-

Mevei’ ing into account that during the linear stage of the ion-

. . oy T
where Eq is the electric fieldme ande are the mass and acoustic instability development the ratib= 72 can grow,
electron charge, ande is the frequency of electron—jon fOr €xample, due to ordinary Joule heating, we assume that
collisions. For pair Coulomb collisions, the frequency of (Teo= (Ti)o is satisfied for the initial electroffe and ion

electron—ion collisions is (see edlexandrov et al. 198§ /i temperatures. It is reasonable to u3e= 1 condition at
the beginning of the development of ion-acoustic instabil-

ity (Galeev and Sagdeg¥973 Kryshtal and Gerasimenko

Vi = 2- 10—6n|”3_/1\2, ) 2004) plasma heatingQuijveman et al. 198])_, or at the
eV initial phase of pre-flare current layer formatiocBomov et

al., 1987. But the most interesting problems begin after this
wheren is the plasma density, I is the “Coulomb log-  stage. The main question is the following: how to satisfy
arithm” and7e v is the electron temperature expressed in e — const» 1 condition for the values of constants more
electron volts. By taking into account the well-known for- than 6. Thus this problem reduces to the problem of the
mula for the amplitude of the local Dreicer fielth (Alexan-  fast heating of solar plasma, when electron temperafyre
drov et al, 1988, the condition for pre-flare plasma can be grows rapidly with respect to the ion temperatdreTo ex-

described as plain this, it was proposed to take into account an additional
o u “heat source”. For example, it could be resonant absorption
ER = o = Ve <1 ) of Alfvénic surface wavesl¢nson 1978 or circular cross
e

current in the vicinity of pre-flare current layeBgmov et
The additional Stark broadening for the Balnigy lines with al., 1987. Another way is to find an instability with threshold
principle quantum number¥ > 8 confirms the existence of which is much less than the threshold of the ion-acoustic in-
large-scale quasi-static electric fields in the solar atmospherstability (see e.gGaleev et al.1972 Duijveman et al.1981,
(Foukal and Hinatgl991). According to the flare model pro- Somov et al. 1987 Voitenko and Goossen2002 Kryshtal
posed byHeyvaerts et al(1977), the preheating phase of the and Gerasimenk®004 Fontenla et a).2008 Gogoberidze
flare process precedes the impulsive (i.e. “flash” phase). Duret al, 2009 Kryshtal et al, 2012 for details). Under some
ing this phase, Buneman instability develops when streantonditions these instabilities can transform into weak and
velocity u exceeds the electron thermal veloclye. In this then later into saturated turbulence. Thus anomalous resis-
sense, we studied the phase of the flare process that preced@sty can appear in plasmauijveman et al.(1981) have
the preheating phase, which only exists if sub-Dreicer fieldshown that classical resistivity (and classical Joule heating)
Ep is present. From a physical and mathematical point ofcannot exceeds/7; > 3.1. The ion-acoustic instability plays
view, the ion-acoustic instability has interesting and uniquethe role of instability with an extremely low threshold. But

Ann. Geophys., 31, 21932200 2013 www.ann-geophys.net/31/2193/2013/
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even the ion-acoustic wave heating, which appears after thand kg is Boltzmann’s constant. The phase velocity of the
“stage of ion-cyclotron turbulence”, cannot satisfy the con- ion-acoustic wave varies in the range

dition Te/ T; > 6.4. FurthermoreHolman (1985 had shown

that “inertial resistivity”, which was proposed as the possi- ..
ble process to reach:/7; > 10 (see e.gDuijveman et al.

1981), is negligible in comparison to the classical Coulomb where Vr; is the thermal velocity of singly charged (i.e.

resistivity. To the best of our knowledge, the problem of “ad- 7 = 1) ions. We assume that corrections, which appear due

ditional heat sources’ in the solar atmosphere (i.e. how toto have taken into account the Coulomb collisions, could
reach® > 10) is questionable.

In the present paper we have made an attempt to ﬁnOIbe neg_lected |n. the standard dispersion relation for the ion-
acoustic waves:

the necessary conditions (in particular, the threshold values

of ®) for ion-acoustic instability development, which is su- kZZVsz

perimposed on the Bernstein wave turbulence. This mean®r = 1J'rkzv (11)
that considered instability cannot appea®ik ®poung Here L
®pound IS the finite number, which can be vary for different . - .
types of turbulence. For a classical Iaborator;/ plasma, if the\/\/herewr is the real part of frequencys = ]% the ion
external electricEo and magnetidBy fields are absent, the sound velocityde = L= the Debye radius anghe = drne?

0]
——u

<< VTev (10)

Z

. . wpe me
inequality the electron plasma frequency. The standard plasma approx-
VoS> Vei > Vi (5) imation is applicable whek_ = k,de < 27 (i.e. if the wave-

length of the perturbation exceeds the Debye radius). By as-
is satisfied. If parallel electric and magnetic fields are takensyming that inequali % « &lhi s satisfied, the influence
into account, the inequality (E§) is violated and, therefore, ¢ o, ature and torsion of thEeRnQagnetic field lines can be ne-
a pure analytlc_al solution is difficult to obtain. However, a glected. Hergg = % Bi = kel s the jon plasma beta,
phenomenological approximate solution can be found by as- A By
suming that the right-hand side of inequality (Byjremains  pi = ‘S/Q—TI' is the ion cyclotron radiusQ; is the ion cyclotron
practically unchanged and the left-hand side is not “strong”: frequency andva is the Alfvén velocity. For ion-acoustic

waves in the plasma with Coulomb conductivity, the ampli-
Vee = Vei > Vij. (6) tude of the external magnetic fielBp is not important. In
the presence of anomalous resistivity, plasma waves can su-
perimpose on turbulence. For example, in plasma with the
Vei 3> Veo, Vio 7) Bernstein turbulence, the effgctive collision frequency qf the

electrons stream and pulsations of saturated Bernstein tur-
is satisfied for collision frequencies of electrons and ionsbulence is higher than electron—ion collisions. This effective
with neutral atoms. By applying the Bhatnagar-Gross-Krookfrequencyves depends on the cyclotron frequery = %
(BGK) model collision integral, the total contribution of all and, therefore, on the amplitude of magnetic fighg| (see
collisions can be expressed as (see Algxandrov et al.  e.g.Galeev and Sagdegl973. The condition in Eq.3) al-

Let us further assume that

1988 lows us to neglect the influence of runaway electrons. For
' ) 3 very small values ofr, the percentage of these electrons can

Zﬂ Va,p = 0 Veir (@, f=e.1), @) pe written as (see e.dlexandrov et al.1988

o

whereo is the free numerical parameter of the problem in Ne o~ iexp<_i). (12)

the range of k& o < omax. If o = 1, the development of the Ne 27 eR

instability is most favourable and, therefore, ion-electron Ny is the number of runaway electrons, aviis the to-
collisions dominate in the plasr_na. The oppos_lte case (_"etal number of the electrons in the unit plasma volume. From
0 = 0max) COrresponds to the situation when instability IS £, (1) e obtain an estimate value for the upper limit of
completely suppressed by the Coulomb collisions. By Ne-.- « 1. It can be verified that, forg > 0.2, the value%

e

lecting the ion—electron collisiong;, the condition of the
g 9 N%i becomes of the order of 10~3, and therefore we cannot ne-

weakness of electric fiel&g can be expressed in the form | he infl  th I b he d
(see e.gPines and Schrieffe.961) glect the influence of the runaway electron beams on the de-
velopment of the ion-acoustic instability. Thus, we consider

e|Eo| : the valuesg = 0.15 as the limit of applicability. The disper-
— L1 (x=e,i), (9) . : : . . :

k kg T, sion relation for the ion-acoustic waves in a semiconductor

plasma with uniform external electric field has been obtained

previously byPines and Schrieffdd961). By taking into ac-

component of the perturbation wave vector = ,/k2 + k2 count the contribution of Coulomb collisions, the dispersion

wherek, is the longitudinal (i.e. along the fieldBg || Bo)

www.ann-geophys.net/31/2193/2013/ Ann. Geophys., 31, 21820Q 2013
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relation for the same type of waves in the pre-flare plasmaand k, = 1+k2 In solar/space plasmas, several types of

has been found biryshtal and Kucherenk{996: plasma wave |nstab|I|t|es can develop simultaneously. More-
over, instabilities may exist simultaneously at different devel-
D (w, k) =ReD(w, k) +ilmD (w, k) =0, (13) opment stages. Instability with a higher excitation threshold
may superimpose on the saturated turbulence (e.g. instabil-
where ity with lower excitation threshold). In the laboratory plas-
mas, the longitudinal instability (for example ion-acoustic or
ReD(w, k) = 1+xe 1 Ye x_2< ) Langmuir wave instability) has a higher excitation thresh-
Yi old than quasi-perpendicular (wqéh « 1) instabilities (see
5 2 eEo e.g. Alexandrov et al. 1988 Galeev and Sagdegt973.
ImD (w, k) = x¢ {\/7 eexp( f) ‘koT, } The instability of the second harmonic of oblique Bernstein
3eE Ble modes in plasma with sub-Dreicer electric field and Coulomb

+x2 v+\/7y exp —y—'z —I—
y? 2" 2

conductivity has been investigated previously Ksyshtal
(1998andKryshtal et al(2012. Due to a small but non zero

k, component of the wave vectgk| = ,/k§+k2, such an

and . o .
instability can be excited by the parallel streams of electrons
Wpy . w — kg . in the contrast to the ordinary (i.e. non-oblique Bernstein
Xo = J(a=ei), yg=——,(@x=¢,i), : i~ ) ;
k;Vra® k:Vra wave) instability that is usually excited by the cross currents.
u; ~0. The numerical values of the reduced growth rBtef this

. _ . _ . _ instability are summarized in Table 1. The highest thresh-
The dispersion relation (EQ.3) is obtained by assuming that o|d value for the amplitude of sub-Dreicer fiefe))pound iS

the equilibrium ion velocity distribution function can be rep- 1 10x 104, and the lowest obtained threshold valyefor
resented by the usual Maxwell distribution, and the equi-the jon-acoustic instability is % 10-2.

librium electron distribution function is a shifted Maxwell Unfortunately, in the case of Bernstein turbulence, it is

distribution with the shift velocity: (see Eq.1). Two dif-  not possible to build a purely analytical solution for the ef-
ferent expressions foF have been used to mvgsugate the fective frequencyser that describes the transformation from
development of the ion-acoustic instability:= 720 and  the linear stage of the instability development to the satu-
5= 8k T| + i, The second one is uncertain due to the rated turbulence. To the best of our knowledge, the exact

mclusuc)un of the ion thermal motions. The instability growth €xpression fores does not exist. Estimates foe have
rate can be calculated by using the following classical for-P€en found previously bfaleev et al(1972 and Galeev
mula (see e.gAlexandrov et al.1989: and Sagdee(1973 1984. To model the situation in which

the ion-acoustic instability is superimposed on the saturated

Bernstein turbulence, the ion—electron collision frequangy
(14) in Eq. (15) has to be replaced by the effective collision fre-

guencyvest. In our analysis of the ion-acoustic instability, we

) ) have applied three different expressionsifgy :
wherewy is described by Eq.1(l). The reduced growth rate

in the units of plasma frequeneype can be represented as @ vef I

ImD (w, k)
0
LReD(w. k)|

(see e.gKryshtal and Kucherenkd 996 Qe e (16)

8 \/? r Gg (15) whererl is the reduced linear growth rate of the second har-
Wpe gh"t Pe’ monics of the Bernstein modeg, = — L VTE = L,oe (Galeev
where etal, 1972;

3
Y, &
=™ ~0.0233 (for : m; = 93828 MeV), (b) =% = =%, (17)
nmij e

o 1 {8% (2+ 6kE + 3k4L1) + ak*g} Wherez'z 10 and¢ =5 for the first and second harmonics
Geg = — (_*) Vei respectively Galeev and Sagdeg¥973 1984);

T wpekL

3 ® 1 1/ 1 2 Vet _ 2172

—®2 exp(_£> 4+ (ng*Z — M) exp{_z (Mk*Z — 5R> I , (b) Qe 25 [1+ (CU*ER >:| . (18)

The limiting ratio of the longitudinal and transversal wave-

1
— 12 -1 2
Pe =k, [1+ 6k, © ] TH [SR/‘* B /‘} ’ lengths of the Bernstein wave instability to the longitudinal

Ann. Geophys., 31, 21932200 2013 www.ann-geophys.net/31/2193/2013/
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Table 1.Values of principal characteristics of instability development of second oblique Bernstein harmonics.

Models of the solar

atmosphere (eR)bound* 107%  (kL)bound (Ze)bound  T'1(+4) h, km
FAL P1 0.01 0.0156 0.02 .49x 10712 650
FAL P2 0.95 0.0013 0.022 .096x 1076 700
FAL P3 1.10 0.0012 0.021 .41x 1079 1380
FAL P4 1.05 0.0174 0.019 .26x 10711 1375

Table 2. Physical characteristics of the pre-flare plasma at the lower chromosphere of the loop’s current circuit in an active region.

Models of the solar

atmosphere ne, 10tem=3  (Te)g= (T))g, K Bo,mT  h,km wpe 101951 Q¢ 1010571 1y, 10's71
FAL P1 2.5 5220 321 650 2.81 5.64 2.56
FAL P2 3.02 5480 321 700 3.10 5.64 2.89
FAL P3 4.79 7420 145 1380 3.80 2.56 1.23
FAL P4 0.31 6150 145 1375 0.97 2.56 0.093

wavelengths of the ion-acoustic instability can be expresseglasma with the Coulomb conductivity, we have useduhe
as follows:Lr = 228 — @ b px — s _ oy Note  frequency in Eq.15) for the growth rate of the ion-acoustic
Odia — Vzekr' TRT )ia T Vz . P o : . P

that to avoid the possible resonant effects, the valudszof instability. The limit valges for the |on—acou§t|§: instability in
andL, should not be near unity. Formally, the saturated tur-the pre-flare plasma with Coulomb conductivity are summa-
bulence can decelerate instability as well as sustafitrysh-  "zed in Table 3. _
tal et al.(2012 have shown that in the solar atmosphere de- The plot of the reduced growth ralfeas function ofo and
scribed by the FAL model, the Bernstein wave instability haskL for the FAL P3 model is shown in Fig. 183, describes
an extremely low threshold value. Therefore, the ion-acousti¢he first positive value of the reduced growth rate (E9).
instability and saturated Bernstein turbulence can develop si- 1h€ positive growth rate corresponds to the right half
multaneously. space of thd” =TI' (®, k) with respect to the planE = 0.

The existence of the cunié = 0 confirms the possible evo-

lution of the instability development regime (or wave damp-
3 Results and discussion ing) into the process of continuous generation of non-damped

small amplitude ion-acoustic waves. Due to the small values
In this work, we have analysed the ion-acoustic instability of I'1;, the conversion through the regidn= 0 is smooth
growth rate (see EdL5) for four modifications of the FAL  (i.e. without jumps and singularities). Note that these ampli-
model: FAL P1, FAL P2, FAL P3 and FAL A3 (see e.g. tudes are close to the thermal noise level. For the case of
Fontenla et a).1993. The ion-acoustic instability growth the FAL P3 model, we have found that the maximum value
rate has been investigated in application to Machado-Avrett-of the free numerical parameter is equal to 4. The ion-
Vernazza-Noyes (MAVN) (see e.glachado et a)1980) and  acoustic instability appears to be small-scale: the limit val-
VAL (see e.g.Vernazza et al.1981) models of the solar at- ues of the perturbation wavelengths vary between 20 and 60
mosphere previously bikryshtal and Kucherenkg1996. Debye radii. Such values of Debye radii correspond to the
Note that the differences between the the FAL and MAVN, 0.11 < (k. )poung< 0.31 range of the reduced wave vector
and FAL and VAL models increase with height above the limit (see Table 2). For waves with a high gain bandwidth
photosphere. The main physical characteristics of the preand a growth rate that is much lower than the fundamental
flare plasma at the footpoint of the loop (i.e. at 69@ < frequency, the linear stage of the development of the insta-

1400 km) are summarized in Table 2. bility can continue for many wave periods. Therefore, such
an instability cannot be aperiodic and can be classified as a
3.1 The pre-flare plasma with the Coulomb wave processKadomtsey 1988. The Gpoung limit values
conductivity are too high and, therefore, this is the weakness of the inves-

] __ tigated instability. It is impossible to reach the lower limit of
In the case of pre-flare plasma with Coulomb conductivity, the @,,ng= 15 by taking into account only Joule heating,

the ion-acoustic instability can develop only in the FAL P3 gnq therefore, additional energy sources required.
and FAL A3 modifications of the FAL model. In the FAL

A3 model, the instability appears onlyat= 1. Note that in

www.ann-geophys.net/31/2193/2013/ Ann. Geophys., 31, 21823Q 2013
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Fig. 1. (a) The reduced growth rate of the ion-acoustic instability in plasma with Coulomb conductivity for the FAL P3 megebhating=
0.04,0 =1, ®pound= 17, (kL )pound= 0.11 andly 1) = 1.33x 10-5; (b) the reduced growth rate of the ion-acoustic instability for the FAL
P2 model ater)phound= 0.09, Opound= 17, (kL)bound= 0.21 andl'y(y) = 9.28 x 10-%; (c) cross section of the surfade=T'(®, k) by

the plane® = 17 for the FAL P2 model (see pare).

Table 3.Limit values of the ion-acoustic instability in the pre-flare plasma with Coulomb conductivity.

Models of the solar

atmosphere (eR)bound ©  (@pound *kL)bound T'1(+)

FAL A3 0.099 1 17 021 2x1077
FAL P3 0.099 1 15 0.11 .25x 107>
FAL P3 01 2 15 021 Bx1077
FAL P3 01 3 17 0.21 #4x10°°
FAL P3 0.102 4 17 031 3x1077

3.2 The pre-flare plasma with saturated Bernstein

turbulence

for all three cases of the effective collision frequengy:

in the range 60G: 42 < 1400 km at all heights for four mod-

the turbulent plasma the threshold val()poung Can be

Somov et al. 1987). Changes in the limit values @ and

k_ are not irr_1p_ortant. A set of tht_a limiting vaIu.es demon- yalues of degree of nonisothermality®found < [15; 19]. In
strates the minimal change&8joungsis equal to 13 instead of

15 in plasma with Coulomb conductivity. Therefore, the de- gps for all four models.

velopment of the ion-acoustic instability in plasma with satu-

range 8 < ® < 16, which has been obtained Bpmov et

al. (1987 for the thermal instability of a current sheet in the
solar atmosphere. Note the thermal instability can lead to fil-
amentation of current sheet. In plasma with (Eg. 16), we

In the presence of anomalous resistivity, a small changg;sed the limit values of'1(4) and (ze)poung for the Bern-
in the reduced growth ratE =T (®, k) can be observed

stein wave instability for the second harmonics of the oblique
_ : ~ modes (see e.¢iryshtal et al, 2012 to obtain the limit val-
Egs. (16), (17) and (8). Firstly, in contrast to case (a), in yes ofeg, ® andk, for ion-acoustic instability. For the so-

the turbulent plasma the ion-acoustic instability can developar atmosphere models FAL P1, FAL P3 and FAL A3, the

= value of (k. )poung= 0.11 remains constant for any values of
els: FAL P1, FAL P2, FAL P3 and FAL A3. Secondly, in  (gr),. . 2and(©)poung If (€R)poungdecreases from 0.1 up to

( . 0.05, the degree of nonisothermal@yincreases from 13 to
more than two times less than for the plasma with Coulomb1 6. For@p,qunqg< 19 the ion-acoustic instability in the case of

conductivity. This fact can result in a significantly higher FAL P2 has the values of normalized amplitude of the sub-
energetic capacity of the pre-flare current layers (see e.gprejcer field of (¢r)poung€ [0.06; 0.1], values of reduced
longitudinal wave vector ofk| )poung€ [0.21; 0.31] and the

plasma withvett (EQ. 17), the ion-acoustic instability devel-

In the case of FAL P1, FAL P3 and FAL A3, the values

rated Bernstein turbulence is more preferable than in plasmare (k| ),oung€ [0.11; 0.31] and (©)poung€ [15; 19], when
with Coulomb collisions only. The range &f limit values

remains practically the same (i.e1Q < (k_)poung =< 0.31).
Also, the general tendency remains unchanged: the smalledreases from 17 to 19, wheBr)peung decreases from 0.09
value of(er)poungCorresponds to the higher value®gound

Formally the set 0Bpoung values has no upper limit. In this
study the set 0Bpoung values from 14 to 16 remains in the

Ann. Geophys., 31, 21932200 2013

(¢R)pound decreases from 0.1 to 0.04. For the model FAL
P2, the(k. )houngdecreases from 0.21 to 0.11 aBgoyngin-

to 0.04.
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The two-dimensional plotdf =T"(©, k), and the cross-  Fontenla, J.: Chromospheric plasma and the Farley-Buneman insta-
cut of ' =T'(®, k) surface by plan€sr)poung= 0.09 is bility in solar magnetic regions, Astron. Astrophys., 442, 1099—
shown in Fig. 2b and c. This is a good example of the pres- 1103, 2005.
ence of local maximum of growth rate in the investigated re-Fontenla, J., Avrett, E., and Loeser, R.: Energy balance in solar
gion. In plasma withett (Eq. 18), the ion-acoustic instability transition region. Ill. l—_|eI|u_m er_mssmn in hydrostatic, constant-
exists for all four models. Note thak, )poung= 0.11, when i\gggdance models with diffusion, Astrophys. J., 406, 319-345,
(éR)boung decreases from 0.11 10 0.05, aBgoungincreases Fontenla, J., Peterson, W., and Harder, J.: Chromospheric heating
from 13 to 16. Finally, note that for FAL P2 and FAL P3 mod- o Y L

. . bythe Farley-Buneman instability, Astron. Astrophys., 480, 839—
els, the values of the ratio of the wave length of the Bernstein g4 200s8.

instability to the wavelength of the ion-acoustic instability Foukal, P. and Hinata, S.: Electric fields in the solar atmosphere: a

areLr ~~ 282 andLRr =~ 360, respectively. In the case of the  review, Solar Phys., 132, 307-334, 1991.

FAL P1 and FAL A3 models, such values atg ~ 67 and Galeev, A. and Sagdeev, R.: Nonlinear plasma theory, Problems of

Lr =~ 14, respectively. Therefore, for FAL P2 and FAL P3  Plasma Theory, 7, 3-48, 1973.

we haveL} ~ 0.28 andL}, =~ 0.36, respectively. At the same Galeev, A. A. and Sagdeeyv, R. Z.: Current Instabilities and Anoma-

time theL}; >~ 0.07 for FAL P1 andL; > 0.014 for FAL A3. lous Resistivity of Plasma, in: Handbook of Plasma Physics, Ba-

Thus, the last two models are more reasonable, due to sat- SI¢ Plasma Physics, edited by: Galeev, A. A. and Sudan, R. N.,

isfaction of the following inequalitiest.r > 1 andLj < 1. North Holland, Amsterdam, Vol. 2, 272-303, 1984.

These inequalities allow neglecting the resonant effects Galeev, A, Lominadze, D, Pataraia, A., Sagdeev, R., and Stepanov,
. . . o K.: Anomalous resistance of plasma due to the instability of the

In this paper tqu possible scenarios — for plasma with cyclotron harmonics, JETP, 417, 1972.

Coulomb conductivity and for the plasma with the presencegygoneridze, G., Voitenko, Y., Poedts, S., and Goossens, M.:

of saturated Bernstein turbulence — have been analysed in Farley-Buneman instability in the Solar chromosphere, Astro-

order to obtain the necessary conditions for development of phys. J., 706, L12-L16, 2009.

the ion-acoustic instability at the footpoint region of pre- Heyvaerts, J., Priest, E., and Rust, D.: An emerging flux model for

flare loops. It has been found that threshold values of degree the solar flare phenomenon, Astrophys. J., 216, 123-137, 1977.

of plasma nonisothermality remain too high for the usual Holman, G.: Acceleration of runaway electrons and Joule heating

Joule heating in both cases. Even after the appearance of in solar flares, Astrophys. J., 293, 584-594, 1985.

saturated Bernstein wave turbulence, such values remain to§"son. I-: Resonant absorption of Alfvenic surface waves and the

high. This case needs further investigation. When condition nggng of solar coronal loops, Astrophys. J., 226, 650-673,

Obound> 13 1S satlsflgd,_vye hav_(? shown that the |nclu§|on Kadomtsev, B.: Collective phenomena in plasma, Nauka, Moscow,

of the anomalous resistivity facilitates development of ion- " gag (in Russian).

acoustic instability, because it allows significant reduction of yyshtal, A.: Bernstein-wave instability in a collisional plasma with

amplitude threshold value of the sub-Dreicer field. This is 5 quasistatic electric field, J. Plasma Phys., 60, 469-484, 1998.

important for the formation of the pre-flare current layer and Kryshtal, A. and Gerasimenko, S.: Slow magnetoacoustic-like

its energetic capability. In this case we have found the princi- waves in post-flare loops, Astron. Astrophys., 420, 1107-1115,

pal possibility of continuous generation of non-damped ion-  2004.
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large-scale electric field in solar active regions, Solar Phys., 165,
139-153, 1996.

AcknowledgementsThe authors thank their colleagues from the Kryshtal, A., Gerasimenko, S., and Voitsekhovska, A.: “Oblique”

Department of Space Plasma Physics for continuing support Bernstein modes in solar pre-flare plasma: generation of second

and discussion at seminars. V. Fedun is grateful to STFC harmonics, Adv. Space Res., 5, 791-796, 2012.

(ST/J001430/1) for support received. Machado, M., Avrett, E., Vernazza, J., and Noyes, R.: Semiempir-
Topical Editor M. Gedalin thanks two anonymous referees for  ical models of chromospheric flare regions, Astrophys. J., 242,
their help in evaluating this paper. 336-357, 1980.

McClements, K.: Langmuir wave generation by thick target elec-
tron beams in solar flares — The effects of density variations and
References reverse currents, Astron. Astrophys., 208, 279-286, 1989.
Melnikov, V., Shibasaki, K., and Reznikova, V.: Loop-Top Nonther-
Alexandrov, A. F., Bogdankevich, L. S., and Rukhadze, A. A.:  mal Microwave Source in Extended Solar Flaring Loops, Astro-
Fundamentals of plasma electrodymanics, Vys'shayashkola, phys. J., 580, L185-L188, 2002.
Moscow, 1988. Miller, I. A., Cargil, P., Emslie A., Holman, G., Dennis, B., La Rosa,
Aschwanden, M.: An evaluation of coronal heating model for ac-  T., Wiglee, R., Benka, S., and Tsuneta, S.: Critical issues for un-
tive regions based on Yohkoh, SOHO and TRACE observations, derstanding particle acceleration in impulsive solar flares, J. Geo-
Astrophys. J., 560, 1035-1044, 2001. phys. Res., 102, 14631-14660, 1997.
Duijveman, A., Hoyng, P., and lonson, |.: Fast plasma heating byPines, D. and Schrieffer, J.: Collective behavior in solid-state plas-
anomalous and inertial resistivity effects in the solar atmosphere, mas, Phys. Rev., 124, 1387-1400, 1961.
Astrophys. J., 245, 721-735, 1981.

www.ann-geophys.net/31/2193/2013/ Ann. Geophys., 31, 21820Q 2013



2200 A. Kryshtal et al.: The ion-acoustic instability in the pre-flare plasma

Solanki, S.: Small-scale solar magnetic fields: an overview, Spacd/itenko, Y. and Goossens, M.: Excitation of high-frequency
Sci. Rev., 63, 1-188, 1993. Alfvén waves by plasma outflows from coronal reconnection
Somoy, B., Titov, V., and Vemeta, A.: Magnetic reconnection in so-  events, Solar Phys., 206, 285-313, 2002.
lar flares, Res. Sci. Technol. Ser. Astromony, 34, 136—-237, 1987.
Vernazza, J., Avrett, E., and Loeser, R.: Structure of solar chromo-
sphere. lll. Models EUV brightness components of the quiet Sun,
Astrophys. J. Suppl. Ser, 45, 635-725, 1981.

Ann. Geophys., 31, 21932200 2013 www.ann-geophys.net/31/2193/2013/



