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Effect of beam-plasma instabilities on accretion disk flares
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Abstract. We show that a certain class of flare models for vapressure dominates the energy density in the corona, as is in-
ability from accretion disk coronae are subject to beam-plasmieed likely around standard thin accretion disks (e.g., Shakura
instabilities. These instabilities can prevent significant direct ak-Sunyaevi 1973) which they assume, energy losses through
celeration and greatly reduce the variable X-ray emission argusttering on plasma waves are unimportant; then the dominant
to arise via inverse Compton scattering involving relativistiosses will be to IC scattering. However, it is well known that
electrons in beams and soft photons from the disk. an electron beam-plasma system is often susceptible to the ex-
citation of beam-plasma instabilities which usually have large
Key words: accretion, accretion disks — plasmas — Sun: flargsowth rates (Sturrock 1964). Here we argue that when these
— galaxies: active — X-rays: general beam-plasma instabilities (BPIs) are taken into account, the rate
of loss of energy by the electrons for the accretion disk coronae
conditions suggested by dVK is typically much higher than the
rate of gain of energy through direct acceleration by the elec-
1. Introduction tric fields, which are presumed to arise in reconnection events.
g'herefore beams of electrons usually will not reach the high
ljorentz factors needed to produce most X-rays by the IC pro-
ss. Inmany accretion disk models X-rays are usually produced

employs flares in the coronae around accretion disks to prodfd@ugh IC scattering of .so_ft photons on POt thermal electrons
rapid energy release, particle acceleration and radiation (e{§:9- Shapiro etal. 1976; Liang & Price 1977). In such a situa-
Galeev, Rosner & Vaiaria 1979; Kuperus & lonson 1985; forl@" Péam-plasma instabilities are not excited, and only thermal
review, see Kuijpers 1995). These models usually build upénontaneously excited plasma waves should exist. These will
our understanding of solar flare physics. have energy densities less than the thermal energy density of
A particular model of this type has been proposed by Jfae plasma, which in turn is much less than the radiation energy

Vries & Kuijpers [1992; hereafter dVK), and was specificallf€nsity. In this case, the argument of dVK would be valid, but,
applied by them o X-ray variability of AGNs. Their model°"C€ they assume a beam is present, then beam-plasma insta-

is an elaboration on typical flare scenarios, in that, as usullity effectsmustbe included.

the source of energy is stored in magnetic fields in coronae of

accretion disks. They estimate the power released in flares in

a radiation pressure dominated corona, which they stress is a

different environment f_rom the gas pressure dominated SORIGowth of beam-plasma instabilities

corona. They argue this leads to a situation where beams of

relativistic electrons are produced in the corona and then logee key assumptions of the dVK model are that: 1) relaxation

essentially all of their energy through inverse Compton scatt@-magnetic structures efficiently produce relativistic electron

ing on UV disk photons before they can stream back to the digleams; 2) the particle beam is a mono-energetic stream of elec-

They further argue that these inverse Compton (IC) photons pt@ns with an initial Lorentz factory; 3) the ambient radiation

duce the X-ray variability seen in Seyfert galaxies, and are affirom a quasi-infinite disk and can be considered as uniform

to calculate spectral power-densities in reasonable agreenf¥i isotropic, with a radiation density.q; 4) the beam is op-

with observations. tically thin, so multiple scattering of photons can be ignored.
However, the dVK model does not take into account othéithough (3) is an approximation, itis a reasonable one, and (4)

mechanisms that might vitiate some of their key assumptiofis certainly plausible under many circumstances. But the core

We note that dVK briefly argue that, particularly if radiatiorPf their argument hinges on the ability of the neutral sheet in
the reconnection process to quickly accelerate electrons via a

Send offprint requests 1&/inod Krishan direct electric field. During this acceleration process dVK claim

The origin of fluctuations in the emission from Active Galacti
Nuclei (AGN) and binary X-ray sources is an important an
long-standing problem. One frequently considered possibil




374 V. Krishan et al.: Effect of beam-plasma instabilities on accretion disk flares

the equation for the acceleration of a single electron sufferindnere this dominant mode is at a frequency®f/ vy )wpe.

IC losses is The AGN corona values of dVK for, = 10'° cm~3 and
dy (72 — 1)1/2 ) T = 10° K, which we also believe are reasonable, will be
o le —x2(7" = 1), (1) adopted here. There are, however, additional parameters that

. must be considered now (basically in lieu of the radiation tem-
where,x; = eL5/mecandys = doruyea/3mec, withall Sym- - peratyre, om,q4, needed by dVK). Firsg = ny/n,; for solar

bols having their usual meanings. In that the first (positive) tef a5 this value ise 10-¢ — 10—2 (Benz 1993); however, we
starts out substantially greater in magnitude than the secQ@f| pear in mind the possibility that this ratio may be higher
(negative) one, acceleration will ensue until a limiting Lorentg, s tyne of radiation dominated plasma. We also need initial
factor is reached when the two terms balance: values ofv, andvy, to determine which of the three Cases
Yoo = 2721+ (14 42 /x2) /22, (2) defined above should be considered. For us to say that a beam
The electric field is reasonably taken by dVK to be the Drg—cuf\la(l)%etﬁisﬂ\?é N g&séﬁgy:zzsg?fen;iﬂg tg”i:: ng;'ro wih of an
'Cef"a'“e’ which we takg akip = GWnp.eglnA/(kBTe)' whe_re electricfield inthe plasma, and the energy loss goes as the square
ny, i the electron density of the ambient plase), ~ 20 is of the field strength. Then we find that when the relativistic

the Coulomb logarithm, and all other symbols have their usue ects that arise if the Lorentz factors really could become large
meanings. With typical AGN valuesif ~ 10'° cm=3, T, ~ y 9

10°K, and Tyug ~ 10°K) they find v ~ (x1/x2)1/2 ~ 30. are included, the rate of change of energy of electrons in the

They then conclude that the electrons will all reach this termin% am Is,

Lorentz factor before the acceleration terminates and the eldg- (72 — 1)1/2

trons then lose their energy against the disk photons providiag — X1 5y — 207Thp(7), 6)

the background radiation field. _ _ 92 ,
We now show that since a BPI is excited, it will dominat(\é\lherea = W/E = W/ymymc®, is the ratio between the wave

the energy losses for the beam and actually prevent the electrong 9Y density}¥’, and the electron beam energy densky,

from reaching the high Lorentz factors calculated by dVK. un! order to determiné’, knowledge of the saturation mecha-

der these circumstances there will be very little IC radiation, pisms of the wave field are needed. Often, in order to avoid a

SO . . . . . .
that, while a great deal of energy may be released through md%taned discussion of the saturation mechanisms, which tend

netic reconnection, the bulk of the energy will probably providfjlalcf:gﬁeor]fjl teenlenrmuggulctlatgr:ntr?ep\llsz\r/nez’ ;T]% Ct?]re]dt')té%nm()f Z?tlijtlzﬁ):sr_is
heating to the corona (e.g., Liang & Price 1077) but is unlikef 9y P

. 2 ] i
e the bk o the X ays irecy trough C emisson. =0 (TEUTarn & Baumiohatn 1997, n it cose o
The dominant growth rate of the BPI depends on the réel- Y . ) T

. . ; , Wherea < 1, and the saturation occurs earlier by trapping,
ative magnitudes of the bulk velocity of the beam, and the .

- k o will then be addressed.

mean thermal velocity in the beamy;,; under some conditions, In Eq. (6) we have ignored the IC term appearing in Eq. (1)
vre, the mean thermal velocity of the ambient electrons, also 9. (5) W Ve ig ppearing In £q. (1),

must be taken into account. The standard formula for the Bthg;ggtﬁgﬁ%zdég{vg:rg ig?:jgﬁ ;?rmefiﬁgﬁ )‘Zzle?rgog ';halrlate;
growth rate, valid fow,, > (n,/ny)'/3vry, is our Case 1 (e.g., 99

MikhailovskiiT972) reasonable circumstances will soon become evident. The dom-
inant dependence af, upon-~ for the first three cases arises
I — o (nb> 1/3w 3) through the replacement;, — n; /42 (e.9., Walst 1980; Kr-
bp = - n, pe ishan 1999), which effectively modifies which is defined as
the density ratio at non-relativistic relative velocities. In Cases
(2) and (3) we must also write, /c = (2 — 1)'/2 /7.
Now, for Cases 1, 2 and 3, respectively, we have:

wheren,, is the beam density,,, is the ambient plasma den-

sity (here, in the disk corona), ang,. = 5.47 x 104n? is

the plasma frequency in terms of the ambient electron number

density in cgs units. The frequency at which this mode growsds (v —1)*/2

wpe(1 = 0.4(ny /) /). a Ty
Ifthe beam starts out very slowly, with < (n,,/ny)3vrs, .

then the “weak” version of the BPI is relev;nf,/ané this is olHith A1 = 0.7¢" 3w, = 8 107&/53”;/120' where the common

— 24, @)

Case 2 (e.g., Beriz 1993) notation, X, = X/10™, has begn employed so that the physical
) parameters will be of order unity;
ny Up
Thpw = [ — -2 ., 4 2 _ 1\1/2 2 _
" (2%) <UTe) “r @ d =x1 0" -1 —2(7 1)A

8)
n 4 25 (
and the frequency at which this dominant mode is excited Is 7 7

wpe- Under the limited circumstances that. > v, > vy, the  with Ay = 0.5(c/vrp)?Cwpe ~ 3 X 108n;32§,5ni{120, where

“hot-electron” Case 3 yields (e.g., Mikhailovskii 1974), we have now defineg, = vry/c ~ 0.01;
1/2 2 1/2
Ny UTe dry (v -1) 2v A3
r e — - - € 5 o - ) 9
bp,h (n,,) — (5) iR S ()i (9)
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with A5 = §1/2(1;T6/c)cupe ~ 2 x 10"41/5277(: _Qne/m, where Often it is found that a regime of strong Langmuir waves is
now, e = vpe/c ~ 0.01. quickly reached and these waves are further subjected to modu-
Under any of these situations we haye = 5.2 x lational instabilities. Thus, different saturation mechanisms op-

101n6710T€‘761 with our definition ofEp (which is slightly larger erate at different stages of the development of the instability,
than that of dVK, thereby only strengthening our argument). Fdepending on beam plasma parameters. However, under the cir-
any plausible initial value of ~ 1 the different dependences ofcumstances and parameters proposed by dVK, the damping is
Egs. (7-9) uponry are not important. What is important is thasevere.

Ay, As, A3 > x1 > xo;i.e., the energy loss term arising from
anyform of the BPI completely dominates over the energy galn
term from direct electric field acceleration.

We now consider Case 4, where equipartition is not estalyfe thus conclude that the mechanism proposed by dVK should
lished. Under these circumstances, the growth of the Langmuiéit generally work unless much greater densities are possible
waves for the fastest initial beam situation, Case 1, is arrestg@he coronae at the same time that the temperatures are lower,
by the trapping of the beam electrons. In this case, the tatiGince v, rises faster with,, than does any form df,, and
is eventually given by the saturated value (Melrose 1986; Kdeclines faster with temperature While denser coronae should
ishan 1999)r = 9/2[ny,/(2n,7*)]*/3, and it can be a rather pe available around the accretion disks in X-ray binaries, the
small number that reduces the loss rate significantly. This givgsbient temperatures will also be a good deal higher, so we
a chance for the situation envisioned by dVK to occur. In adannot suggest a physically interesting situation where the BPIs
dition, « initially can start out below the saturation value as Ho not dominate. If one could somehow begin with very large
arises from thermal fluctuations, and thus it could allow aninitiglvalues, then the growth rate of the beam-plasma instabilities
thermal runaway. The detailed spatial and temporal structurespé reduced. For Case 1 this does not help, and no solutions for
the reconnection sites will determine if this initial aCCG|el’ati0|arge'y are possible; however, for Cases 2 and 3, the relativistic
can play a significant role. decreases in the BPI rates are so substantial that high asymptotic

In spite of these uncertainties, we can obtain areasonableesalues are allowed. This is also true for Case 4, where the
timate of the influence of BPIin the situation where equipartitiogaturation reduces the effectiveness of the BPI; however, even
is not established. We again consider all three cases discusged the BPI can prevent much acceleration unless the beam
above, but we now include electron trapping and assurt® already starts with a substantial value,obr has such a low
take the saturation value. Here the competition between thed€nsity in comparison to the ambient medium that it could not
losses represented kyy and the BP!I losses represented by thearry significant power. Moreover, we see no way to achieve
Melrosea has to be considered carefully. these initially highy values: that is what the dVK mechanism

The inverse Compton term increases wittwhereas the was supposed to accomplish, but now appears to be incapable
o factor modifying the BPI term decreases withThus de- of achieving.
manding that the BPI term is smaller than the IC term fixes the Filamentation, which could produce denser beam frag-
minimum value ofy necessary to validate the dVK proposakments, could play a role by raisinglocally. If any analogy
A detailed calculation yields the results for the three cases@ be drawn with solar flares, then the presence of rapid ir-
follows: case (1a)ymin = 54; case (2a)ymi, = 21; case (3a), regularities within the Type 3 radio bursts strongly indicates
Ymin = 9.16. Thus itis clear that only in case (3a), is it likelythat the flux tubes are filamentary during the acceleration phase
that the IC term dominates and hence the dVK proposal is val{g.g., Vlahos & Raoult 1995). However, this possibility is still
This requires rather special conditions for the flare modelsitufficient to salvage this mechanism for AGN coronae, since
work. even with¢ ~ 1 the ratios of4; 5 3/x1 > 1. In Case 4, where

This type of runaway acceleration has been observed in §uration is important in principle, the large valug dplies
laboratory under specific circumstances which lead to a vanata ~ 1 too (for initial v ~ 1) so the loss term still would
weak beam plasma instability. In laboratory experiments, t@eminate.
runaway electrons are observed detached from the main bodyNonetheless, even with much of the energy going into wave
of the plasma, as for example in a stellarator. If the runaway elégrbulence, as we have argued, significant IC emission can be
trons hit the tungsten aperture, they generate X-rays which gassible. This is because (as pointed out by the referee) trapping
be detected. Provided the conditions are right, the runaway elggd other nonlinear effects can roughly heat the electrons up to
trons undergo instabilities producing plasma oscillations whigly, ~ e¢, with ¢ the electrostatic amplitude of the waves.
then couple to the ions. This principle is applied in the desi®ince the energy gain term (the first on the RHS of Eq.[1]) is
of some electron tube oscillators (Rose & Clark 1961). Thessentially a constant, these ‘thermalized/trapped’ electrons can
the runaway electrons can stably propagate under certain gitain nearly the same energy as in the dVK picture. However
cumstances, but will be affected by a BP!I if they do satisfy thgis energy will not be in the form of a beam, as argued by dVK,
conditions for it. These conditions are essentially on the velociyit rather, will be present in an isotropic distribution. Then the
of the beam and its thermal spread, as we have already discusggstocess still works, and one of the points made by dVK, that
for the first three cases above. much of the energy is lost by IC hard X-rays instead of ‘soft’ X-

rays from material evaporated from the disk, can remain valid, as

Discussion and conclusions
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