A&A 407, 563-571 (2003) Astronomy
DOI: 10.10510004-6361:20030876

& .
© ESO 2003 Astrophysics

The magnitude of heating of the Diffuse lonized Gas
of the interstellar medium by Landau damping of turbulence

S. R. Spangler

Department of Physics and Astronomy, University of lowa, lowa City, lowa 52242, USA
Received 21 March 2003Accepted 27 May 2003

Abstract. | consider the dissipation of interstellar magnetohydrodynamic turbulence by Landau damping, and the associated
heating of the interstellar gas, as a function of the wave distribution function and the glaShmapaper particularly addresses

the contention of Lerche & Schlickeiser (2001, LS) that previous treatments of these features were incorrect, and produced
expressions which were substantially in error, leading to qualitatively incorrect estimates for turbulent heating of the interstellar
medium. Lerche and Schickeiser are correct in noting that the exact expression for the heating rate by dissipation through
Landau damping requires integration of the prodygt over all wavenumber space, whexgis the fast magnetosonic wave
damping rate, anByg is the magnetic turbulence spatial power spectrum. However, this exact expression yields numerical results
which differ little from the previously used expressions, when evaluated for the same turbulence properties. If turbulence in the
Diffuse lonized Gas (DIG) phase of the interstellar medium consisted of fast mode magnetosonic waves, the heat input due to
dissipation would exceed the cooling rate by at least 2 to 3 orders of magnitude. This fact may be demonstrated by the formulas
in LS as well as previous papers on this topic. Lowering the theoretical rate for heat input requires rather extreme assumptions
about the nature of this turbulence, such as very large and seemingly improbable anisotropy factors.
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1. Introduction rate, provided that “reasonable” turbulence parameters were

) ) ) ) _ ~adopted. These results supported those of previous workers in
This paper will deal with theoretical estimates of the heating gfis area (Mclvor 1977; Cesarsky 1980).

the Diffuse lonized Gas (DIG) component of the interstellar Thg cajculations in Papers | and Il were recently criticized

medium by dissipation of magnetohydrodynamic turbulengg, | erche & Schlickeiser (2001) (hereafter LS). The specific
which resides in the DIG. The Buse lonized Gas is a phase ofiticisms may be enumerated as follows.

the interstellar medium characterized by a gas density of about

0.1 cn73 and a temperature of order 8000-10000 K (Cox &. LS contend that the use of a reduced power spectrum (i.e.

Reynolds 1987; Haner et al. 1999). Plasma turbulence is in- integrated over directions perpendicular to the direction of

ferred to exist in that medium by radio interstellar scintillations Wave propagation) before carrying out the damping calcu-

(ISS). The damping of this turbulence will provide heat addi- lation produced significant errorsin the turbulence damping

tion to the interstellar fluid, and it is of interest to compute the rate.

volumetric heating rate of this process and compare it with th& It was implied that this method of calculation gave a result

radiative cooling rate of such gas. for €, the volumetric heating rate, that was in error by a
To carry out such a calculation, it is necessary to adopt 'arge factor. ,

a model for this interstellar MHD turbulence. One which hag’- It was contended that when the heating rate due to Landau

been adopted in the past is that of an ensemble of fast moded@mping is correctly calculated, the heating rate due to

magnetosonic waves, a plasma phenomenon observed to exisf@mping of fast mode turbulence is quite comparable to

in the solar wind. Further comments on this choice of a model the cooling rate of the gas, thus suggesting that fast mode

are given in Sect. 2 below. In that case, a prominent damping Waves play a crucial role in the thermodynamics of the in-

mechanism is Landau damping, when the waves are obliquely terstellar gas.

propagating. In previous papers (Spangler 1991; Minter & These three points are summarized by the text in Sect. 5.3

Spangler 1997; hereafter Papers | and Il) we found that the gpt 5.

ergy input by damping of the interstellar magnetosonic turbu- |y discussing the role of fast magnetosonic waves (for

lence was far greater (by orders of magnitude) than the COO'%\Q{poses of this paper assumed to be the dominant compo-
nent of interstellar turbulence) in interstellar thermodynamics,
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it should be stressed that the previous estimates of the hea k
rate exceed the cooling capacity of the DIG by orders of mag
tude. For Landau damping to be much lower, and comparable
the DIG cooling capacity, one of three things has to be the ca
(1) The previous formulas used to compute this damping h
to have been grossly wrong. (2) The fast mode waves in the
terstellar medium must have special properties. This possibil
was recognized and discussed in Spangler (1991). (3) The
bulence in the DIG does not consist of fast mode waves, whi
in fact must comprise a very small fraction of the turbulent el
ergy density. This was the resolution preferred in Papers | a
Il. To belabor point (1) immediately above, highly precise ca
culations are not the issue here. We do not know enough ab —
the interstellar turbulence to utilize such expressions. BO

ANISOTROPIC FAST MODE SPECTRUM

The response of this paper to the aforementioned points of
LS is as follows. Fig. 1. Model of the spectrum of fast mode waves used in the calcu-

lations of Papers | and I, and here. The expression for the spectrum
is given in Eq. (1). It is particularly to be noted that the propagation
direction, x, does not coincide with that of the large scale magnetic

L . field, but is inclined at an angl®.
1. Lerche and Schlickeiser are completely correct in not- g

ing that the exact expression for the turbulent dissipa-
ion rate includes integrating thedgpend_entdamping "8 Model of the interstellar fast mode spectrum
over wavenumber space. Future investigations in this area
should carry out the calculation as discussed by LS, or Bke model of the interstellar MHD turbulence power spectrum
described in Sect. 4 below. assumed in Papers | and Il is illustrated in Fig. 1. It is shown
2. However, the expression used in Spangler (1991) aincthis figure, and discussed in this section, because there were
Minter & Spangler (1997) (Eq. (6) or (7)) is an entirelymisunderstandings about the nature of the assumed spectrun
satisfactory approximation for the model of turbulence enin LS, specifically about the nature of the propagation aégle
ployed in those papers (see Sect. 2 below), so the formuliawas made explicit in Paper | that these waves are modeled on
presented there remain sound. those found upstream of the Earth’s bow shock (Russell et al.
3. The main correction introduced by carrying out the calcd971; Hoppe et al. 1981; Spangler et al. 1988). The aégle
lation exactly as described by LS rather than with the apras and is intended to represent a systematic obliquity of the
proximation of Paper | is the presence of an additional termvave field, as is observed for the upstream waves, in which
describing dissipation and heating even whenrtbevave case® typically ranges from nearly 0 to 2%0 3C°. It is rarely
propagation angle is zero. Thus, the more exact expressibe case that these waves are perfectly parallel propagating.
yields a higher heating rate than was previously considurthermore, spacecraft data can be subjected to a minimum
ered, thus exacerbating the problem with a significant fagiriance analysis, which shows that the wave fields do indeed
mode population in the interstellar turbulence. have a systematic angle of propagation with respect to the large
4. Heating rates calculated with either the expressions swfale field. Therefore the angberemains an important param-
Papers | and Il, corrected versions of those expressionseter of the turbulence, and not an angle to be integrated over, as
the expressions of LS all yield heating rates which are #iated in LS.
good agreement, and far higher than the cooling capacity The mathematical form of the spatial power spectrum
of the DIG, provided that plausible estimates of the intewhich we choose is Eq. (1), taken directly from Spangler
stellar turbulence characteristics are chosen. (1991). This is a generalization of the isotropic power law spa-
5. To obtain approximate parity between the dissipation ratal power spectrum which is often used to model turbulence
and cooling rate, extreme and seemingly implausible tufrthe interstellar medium to the case of anisotropic turbulence.
bulence properties are required. In Papers | and Il this largee model spectrum in (1) has been used in the interpretation
potential reduction in the heating rate was achieved by ag-SS observations which indicate anisotropy (e.g. Spangler &
suming that the fast mode waves are propagating nearly ©ordes 1998). It is worth noting that an alternative, and per-
actly parallel to the large scale field, or that the ion arghps better, spectral model would be one in which equal-power
electron temperatures werefisciently low as to result in contours lay on the surface of a cone rather than an ellipse, as
negligible Landau damping. In LS the dissipation and heaissumed here. Comments on the consequences of such a modk
ing is “turned df” by postulating extreme anisotropy of thewill be given in Sect. 4 below.
turbulence spectrum, to a degree not seen in other natural|t should also be noted that the lower wavenumber limits
turbulence fieldsanda precise alignment of the turbulencen this spectrum are such that the power spectral dersily
spectrum with respect to the large scale field (parallel profar k, < k,. Forky > ko, the perpendicular wavenumbers can
agation). range from 0 toso. This choice is motivated by the example
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of the waves upstream of the Earth’s bow shock, in which tipewer spectrum, termed the reduced power spectrum, defined
spectrum in the direction of propagation is determined by as
ion beam resonance, with a characteristic resonant wavenum- +oo oo

f f dk, dk,Pg(k)

ber, while the transverse spectrum describes the modulatiorPgfky) = (2
the waves in the direction perpendicular to propagation.
It could be argued that the wave fields upstream of théhich for spectrum (1) is
Earth’s bow shock (and other shocks in the solar system) are 5
; : ; - 2nCy
a naive model for the turbulence in the interstellar mediurpy ) = —Bc s, (3)
This may well be the case. However, these fast mode wave SA?

fields have been extensively observed and studied, and f¢@ relationship betweeRg(ky), C2, andbr, the root-mean-
known to exist, at least in those heliospheric settings. Thgyyare fluctuating magnetic field, is

also have properties which are in good agreement with theo-
retical descriptions of linear and nonlinear magnetohydrode/z
namic waves. In my opinion it is certainly worthwhile examin-T

ing the consequences should interstellar turbulence consist of

such waves, or even have a dynamically significant contrib(@lid whens > 1. Itshould be noted that, in general, one should
tion from them. distinguish between Eq. (4) for the individual components of

the fluctuating magnetic fieltby; andCéi, and those of the total
fluctuating field (quadratic sum of the variances in the compo-
3. Approximate and exact calculations nents)br and the corresponding quantit;g. This distinction
of dissipation rate is made in Minter & Spangler (1996) and Paper 1.
The conceptual simplicity of this approach is that for pur-
The pOint of this section is to illustrate the criticism of LS irboses of damp|ng Ca|cu|ati0nS, the Spectrum in F|g 1 is re-
our earlier calculation, and show the form of the more exagfaced by plane waves of intensi#p?(k) = Pa(K)AK, propa-

= hdkF_>k __ TG e 4
= [ doPatkd = ek @

expression. gating at an angl® with respect to the large scale magnetic
The model for the spatial power spectrum of the turbdield. This is clearly an approximation to the true damping rate,
lence is as was stated on p. 544 of Spangler (1991), and should be in-
2 creasingly accurate a6 — oo.
Pa(k) = B . (1) The expression for the damping rate of plane magnetosonic
[k§ + A2(K2 + k§)] waves, with a wavevector of magnituk@ropagating at an an-

gle 6 with respect to the large scale magnetic field is
The indexs = 1 + s/2, with s being the index of the om- i?
nidirectional power spectrum, which has a value (f fora ;= \/EVAKS'_H F(B)- (5)
Kolmogorov spectrum. 8 = cost

This spectrum was used in Papers | and Il as well as Lerchigis equation was used by Papers | and Il and LS. This ex-
& Schlickeiser (2001), with the following proviso. In the depression is taken from Ginzburg (1961). The functies) is a
nominator of the right hand side, | emplay?, whereas LS shorthand notation introduced in Paper | to describe the depen-
write A. TheA? convention was used in Papers | and II, for thgence of the damping rate on the electron and ion temperatures.
reason that it is employed in analyses of radio scattering dgfgther discussion of this function is given in Sect. 6.
(e.g. Spangler & Cordes 1998 and references therein). For suchThe simplification used in Paper | was to calculate the wave
a power spectrum, the anisotropy of the turbulence-broadergskipation rate to be the integration (o%g) of the integrand

image of a radio source will have an axial rafio(Narayan consisting of the product of (5) and the reduced power spec-
& Hubbard 1988), so the convention here is directly related taim (3), i.e.

observable parameters. ‘
. . . 1 N —
The case d!scussed here_:, and pre_sen_ted in Fig. 1, of m_eglrl¥ 4+ f dk2yPa(ks). (6)
plane waves with a modulation scale in directions perpendicu- 47 Jj,

Igr to the p_ropagat_lon c_Jlrectlon much greater than the m?dujﬁie convenience of this simplification is that the propagation
tion scale in the direction of propagation (the so-called “pan-

cake” geometry) corresponds 1o > 1. The remark to the ang[e@ appears as a parameter rather than a variable of inte-
: . ; qra’uon.
contrary in LS (section heading for Sect. 4.3.1 of that paper)s Substitution of (3) and (5) into (6), and the assumption

mcc:rect. 4 b hinp | c{gFt the angle of propagatio® is small so that si® =
s noted above, our approach in Paper | was to moggl, 4 1~ 1 gives Eq. (15) of Paper |

interstellar turbulence in terms of the large amplitude MHD
waves upstream of the_ E_arth’s bow shock. Some success Qa:s 1.2 x 10°002F ()V, b2 (I;ZI;)_”S erggson?. e
been achieved in explaining properties of these waves in terms

of one dimensional nonlinear wave equations (the Derivatiide primed, dimensionless variables are related to the physi-
Nonlinear Schodinger Equation, Spangler 1997), so in Paperchl variables as follows: the Aléri speedVa = 10°V, cnys,

the interstellar spectrum was replaced by an equivalent iz root-mean-square fluctuating turbulent magnetic field
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br = 10°°b, Gauss, the outer scalg = % = 10Yl, cm, with the systematic propagation angde(see Fig. 1) which is

and the inner scalg = % = 10°I cm. These are the de-the angle betweeBo and thex axis.

dimensionalizations used in Paper I. This formula was used in Two similar approximations have been made leading to (9),

Paper I, and with some Change in parameters, in Paper ||. to facilitate the Slmp'lfled analytic expression given below (12)
Lerche & Schlickeiser criticized this approach and the rdhis first s thatyy « sin? 6, thus approximating cas=~ 1. This

sultant Eq. (7), noting that the integration over wavenur@Pproximation will be accurate for large anisotropy factors and

ber space should include the integration over all wavenumtsépall systematic propagation angl@s It may be seen from

space, as opposed to the operation here, which is to performge (5) that this approximation will underestimateand thus

integration ovek, andk; to obtain the reduced spectrum, thefn. if contributions from oblique modes are significant. The

multiply by the growth rate and integrate over the wavenumbggcond approximation is that thelependence i (5) (seen in

in the direction of propagatioify. Eq. (23) below) has similarly been ignored, so that the damp-
The Lerche and Schlickeiser point is correct for the moktd rate may be factored as in Eq. (5),5(8) does not partake

likely model of magnetosonic wave turbulence. In this casef the angular integrations. This point is considered further in

each Fourier componekipropagates with the linear dispersiorPect. 6.

relation of fast magnetosonic waves. The reason for a qualifi- The relationship betweehand thek-space variables is as

cation on this seemingly obvious point is that if one deals wifiellows. Leté be the angle between a mo#leand thex axis,

a nonlinear wave, the various Fourier components do not prdpbé = K. /kx. Thenit may be shown, using spherical trigonom-

agate independently of each other with the linear dispersion géty relations, that

lation, and the approach of Paper | might be physically accu@ﬁz 0 = 1-cof£cod® — sinésir 0 cod ¢
as well as being a computational simplification. Nonetheless, In

what follows, | will calculate the dissipatigineating rate with —2C0s£ cosO Sing sin® cosg. (10)
the wavenumber integration described by LS. If identity (10) is substituted into (9), the integrations are
In this case, the dissipation rate is simple, and the last term vanishes. The resultant expression is

1 3 Cé ki 00 2 2
en=— | dk2y(k) ®) \/? 2 ki V(K + k3)

ym ; e = JECIF@B\Va [ dk [ dk, VT

Vi k2 + A%(2 + 12)| g B @ %o T o+ A2kf]6

with y(Kk) given by Eg. (5), in whicl® is a variable of integra- ) )
tion which must be included in the integration in (8). The in- % (1-codécos @ - sir¢sin’ ©/2) (1)

';egr;tatlg_n |slovek/k, the volume ink space in which the Waves here cod¢ and sirt & can obviously be expressed in terms of
xist (Fig. 1). (th, k.). Note that the second and third angular terms in the

The primary issue in this paper is the magnitude of the dﬁést bracketed term are functions®fwhereas the first of the

ference involved in calculating the dissipation rate via (7) 3rms is not. This will be an important point in the physical

opposed to (8). LS contend that thefdrence is large enouqhinterpretation of this expression.

to qualitatively change conclusions about the thermodynamics Equation (11) can be simplified by introducing variables

of the interstellar medium. The use of Eq. (2) through Eq. ( _ . . K
as a valid approximation, as assumed in Paper |, on the ot%%érv) such thatk, = ko k, = kv, with 1 < u < ko

) X . . < v < o0. All dependence of the integrand on the magnitude
hand, would require that thefterences be relatively small, I-8.0¢ the wavenumber passes through the integrals, leaving the in-

within a factor of order unity. | would again emphasize th rations over the dimensionless parameteasdo. Further

previous estimates of the Landau dfamplng heating rate in §1plification can be had by introducing an angular varigble
interstellar medium exceed the cooling rate by orders of Magtined as tan = L. This simplification allows the integral
z.

P;ﬁ;;?,\giGﬂ?&%jgjgg;gﬂﬂCiggtthéfd'ences in the overu to be done analytically, leaving the integrals oyer
y great. The resultant expression for the dissipation rate is then

4. Revised dissipation rate calculation en = \/gcng(ﬂ)VAiikil/sFl(A) [T| + To Sir? ®] . (12)
In this section, we evaluate the expression (8) for the case of the

magnetosonic wave spectrum shown in Fig. 1. We first chanflee quantitied;, T, and Te are functions ofA, related to
to a cylindrical coordinate system with the axial direction beirigtegrals ovet, and are defined as follows.

x, and defining, = V(K2 + k2), r
2 K - Ti=|1-2|, (13)
Cg [n I'y
en = —2 [=F(B)Va f dky f dk,
2 \'8 ko 0 To=|l2_Is (14)
S T

21 2 2 i
Xf d¢kl\f(kx+kl)sm29_
0

5 T/ 2
k2 + a2 Ii(A) = f et T sec tang (15)
0

5
In the case of Eq. (9 is the angle between a given Fourier 1+A?tart(]
componenk = (ky, K., ¢) and the large scale field. It is a vari-e%A) _ fn/z g sec/ tan/

0 [

T B B 16
1+ A2tar? ]’ (16)

able which partakes in the integration, and is not to be confus
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Table 1. Functions of Lambda.

A I I I's T Te | R

2 2416x 10t  1186x 10! 1230x10! 509x10! 236x10! 2305x10! 1.874
5 2807x 102 2217x102 5895x10°% 210x10! 6.85x10! 9.884x10° 1.677
10 6365x 10° 5.815x10° 5499x 10* 864x102 870x10' 8688x10* 1.580
141 3109x10° 2944x10° 1650x 10% 531x102 920x10! 2548x10* 1.544
20 1532x 10% 1.483x10° 4.895x10° 320x102 952x10! 7419x10° 1514

R = fn/zd secgztar?zj . (17) and choosing\ = 5 for a concrete example, we have
[1+A?tarrd] €(A =5) = [308x 102+ 1.00x 102sir? 6|

Given a value ofA, the quantitied';,I'2,T'3 are just num- FB)V, sz

bers, parameters to be used in Eq. (12). They were evalu- Tﬁs erggs/cnt. (18)

ated numerically with aviathematicaworkbook. Values of (1)

I1,I2,I3, Ty,

andTe are given in Table 1 for several value%Equation (18) has two terms, one proportional t¢ §inand

of A. identifiable with that used in Papers | and Il, and an isotropic

Before leaving this section, we briefly return to the specul Srm. The term proportional to 2 is in excellent agreement
tion in Sect. 2, i.e. that a more plausible model for an obliquel%-

) tingl fast mod trum would be one in which rith the formula used in Papers | and Il. This shows that the
]E) opag? ?\ ?Snt ° etrSFl)ecv:IJ Cl oun the ° ff ? Srl]éf( ression utilized in our earlier calculation is not only accept-
aces ot constant spectral power 1ay on Ihe surtaces of co fiﬁ)e as an approximation; it is a very good approximation.
rather the elliptical surfaces shown in Fig. 1. In such a case, |

. . o A calculation carried out with a larger, and perhaps ex-
seems likely that a heating rate expression like (12) would rt?éme, value ofA = 20 yields a term proportional to $®

sult, but in which theTg term would be larger relative to the. even better agreeement with Eq. (7), and an isotropic term

. . . i
\-,rv' t/er;n.r;]rgerreva;so::jfgr trr:srls ';[ihiilm sulﬁrf:]atcgnlrarll rr;zgel, | ich is smaller in magnitude. As the spectrum becomes more
avenumbers would be more ightly colimated along anisotropic, characterized by — oo, the isotropic term be-

r(zctr;(;n. T}:‘;go'lr;t lr!bligr;g[:J)lng ;Zl[sraul?h': :r)' n_g';el ;ha’;;n 9;?185% es negligible compared to the snterm.
pernaps plausi sp ' 9l xpressions ( As noted immediately above, the inaccuracy of the expres-

and (7) would be an even better approximation than the mog%n used in Papers | and Il was the omission of the isotropic

power spectrum considered in this paper. term. Thus the more exact expression presented here predicts
greater heating of the interstellar gas by Landau damping, and
5. Comparison of new expression for dissipation exacerbates rather than remedies the theoretifatdty re-
rate with previous expressions ferred to in those papers.

In this section, | compare Eq. (12), calculated by integrating
2y(K)Pg(K) over the entire wavenumber space of Fig. 1, witA-1. Comparison with the Lerche & Schlickeiser
the approximate formula used in Papers | and II, as well as the €xpression
expression depved _anq a_dvocated b_y LS. ) The expression of LS for the Landau damping heating rate is
Before doing this, it is worthwhile to note a physically-
significant aspect of (12). There are two terms in the dissipation T k2™s — k&S
rate, one proportional to si®, the other independent @. €S = \/;CBFLS(ﬂ)VA {T} 1, A 9), (19)
The term proportional to sf® is similar in form to Eq. (7).
The other term, proportional ff, describes dissipation even invhere
the case of parallel propagation. This represents the first result 1 (1- 2
of the present paper; contrary to what was presented in Papdii, A, S) = f du—— AL D]
and Il, parallel propagation of the wave ensemble does not turn wo St #)]
off the wave heating, so the expressions used in Papers | andy_ is a lower limit to the cosine of the polar angle of the
Il underestimatdneating of the interstellar medium by dampwavenumber, identified by LS a& /ve, Whereue is the elec-
ing of fast mode waves. The physical reason for this may tren thermal speed. The functidh s(8) is defined in Eq. (24)
easily appreciated from Fig. 1. Even when the systematic prdgelow, and denotes the form of the functiB(s) used by LS.
agation angle® = 0, there are modes in the spectrum whickquations (19) and (20) are identical to Eq. (11) of LS, with
are obliquely propagating, and which will therefore be dampettie exception thaa? is used in place oA, in accordance with
yielding their energy to the thermal energy of the plasma. my convention, as discussed in Sect. 2.
| first compare Eq. (12) with Eq. (7), which was the basis To compare the Lerche and Schlickeiser expression with
of the analysis in Papers | and Il. Substituting (4) into (12), déhat in Sect. 4, | ses = 5/3 and utilize the (excellent for
dimensionalizing the Alfeh speed, rms magnetic field amplithe interstellar medium) approximation tr%t» 1. The func-
tude, and inner and outer scales as described following Eq. ¢@®n | (1., A) (again, merely a number for the purposes of these

(20)
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calculations) was evaluated with Mathematicaworkbook. Table 2. Plasma properties of theftlise interstellar gas.
Values ofl(u_, A) are given in Col. 7 of Table 1. The net ex-

pression for the Lerche and Schlickeiser dissipation rate is thegyriable Value Units

_n 21/3 V, (Alfven speed) 33x10° cmys
és = \/;VAFLS(ﬂ)CB:gki 1, A). (21) vgi (ion thermal speed) B3x10° cnys

o o ne (plasma density) 0.080 cmh
Clearly this is very similar in form to Eqg. (12). To more closely g, (mean magnetic field) 3 microGauss
assess the similarity orffierence, we can form the ratio of the |, (outer scale of turbulence) 3.6 parsecs
two expressions by dividing (19) by (12), I; (inner scale of turbulence) 800 kilometers
_as 2FLs(B)l (u, A) ‘ 2 br (amplitude of magnetic fluctuations) 0.90 microGauss

S F@A) [T+ Tosir? 6]

Equation (22) shows that the relative magnitude of the tWBOT® accurate plasma measurement_s_ for the_DIG _(Mlnter &

expressions is determined by two factors: (1) the expressigR@ngler 1996). These plasma quantities are listed in Table 2.

adopted foF (8) and (2) the assumption about the form of thghese pararr_]eters were alsg used in the calculations of LS and

power spectrum. will be used in the rest of this paper. LS assumed that the sec-
It should be noted that the factor of 2 in the numerator §d term in Eq. (23) is negligible compared to the first. Given

(22) is superfluous, and is an “artifact” of holding the parari?iS @ssumption, which they contend is valid for all angles of

eterC2 constant in expressions (12) and (19) rather théan Propagatiors, the dfectiveF (8) is

The spectrum of LS is symmetric abdkt = 0 whereas that 1 (2 1

of Fig. 1 populates wavenumber space only with modes haviRgg(8) = — [ﬂ) =——x (24)

ke > 0. If the turbulent variance2 were held constant in the Valve) 429

two expressions, this factor of 2 would not be present. With the last equality being true if the ion and electron temper-

_ In comparing the expressions, | also 8et= 0 since LS 5,re5 are equal, as we assume. For the parameters of Table 2
did not consider the possibility of oblique propagation. | ther%q_ (24) givesFis = 9.3 x 10°3, substantially dferent from

fore consider the parametf = =~ which ignores the afore- £ L 1 assumed in Paper I.

mentioned factor of 2, and also isolates thteet of the as- ¢ gefinitive discussion of Landau damping of fast mode
sumptions about the form of the power spectrum from ISSUGS, e< is given in Barnes (1966). That paper presents numeri-
regarding the value of (5), which is a diferent matter (see 5| 5o|utions to the Vlasov dispersion relation for a wide range
next section). The values & are listed in Col. 8 of Table 1. of plasma propeties, so concern about the validity of approx-

The values range from a maximum of 1.87 for the case of slighfa1isns leading to formulas such as (5) and (23) is avoided.
anisotropy (where the derivation of Sect. 4 begins to be mvalllg\)major point of the discussion of Barnes (1966) is that the

to an apparently asymptotic value of 1.5-1.6 40k 10. Thus 505ing rate as a function efconsists of two components,

the two expressions, Eq. (12) and that of LS agree to withing jon neak and an electron peak, describing Landau resonance
. . . . i , respectively. See for example, Figs. 3
bly be attrlbutgd to mlnortﬂﬁt_arences in the way the integration, \ 4 & of Barnes (1966). The assumption employed by LS in
over k space is performed, i.e. fiy > ko 07 K| > ko. obtaining Eq. (24) appears to be be equivalent to neglecting the
contribution of the ion peak.
6. The dependence of the dissipation rate Contrary to what is stated in LS, the ion peak contribution
on the plasma B is not negligible for conditions appropriate to the DIG. Using

) ) data from Table 2 (specifically the values fgr andVa), we
The functionF(5) describes the dependence of the Landgyq that the second term in Eq. (23) is 0.087 for the case of

damping rate, and thus the wave heating rate, on the plasmg _ 0, and 0.031 fop = 3", leading to totaF parameters of
i.e. onthe t_emperature of the electrons and ions, and how theys _ 0 10 fom < 30°. Thus the heating rates of LS should be
resonate with the fast mode waves. , multiplied by a factor of several if applied to the DIG.
Papers | and Il as well as LS use the following formulafor o614 he conceded that the data of Table 2 are still aver-
the Landau damping rate, taken from Ginzburg (1961) ages over a large region of space, and that there are doubtlessly
v \2 (Va Vﬁ regions where the& value is stficiently low to make the elec-
F@B) = (V_) (—) + 5(—)GXP[—27] (23) tron peak the sole contributor to the damping rate. However,
Al \ ve 2v; cog 0 AN : : .
even in this case, as will be seen below, the heating rate will
whereuy; is the ion thermal speed anglis the electron thermal overwhelm the cooling capacity of the DIG. Furthermore, there
speed. Henceforth, | use the parameter v45/Va as a proxy could presumably also be regions where 1, in which case
for B. The functionF(8) monotonically rises withk, reaching the wave heating would be even larger.
F ~ 1 forx=~ 0.7 andd ~ 0. The accuracy of the analytic expression for the Landau
In Paper I,F(B) was set to unity for the calculations, sincelamping rate in Egs. (5) and (23) may be checked by reference
x is of order 1 in the interstellar medium. In Paper II, morto the full numerical solution of Barnes (1966). For example,
specific plasma parameters were used, based on improvedthecturve in Fig. 3 of Barnes (1966) can be shown to correspond
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to the case = 0.5, very similar to our casex(= 0.4) and com- DIG Heating and Cooling Rates
patible, within the errors, with the DIG. From Fig. 3, it may b«@

seen that for the angular range®220° the value ofF(B) is in B Y-

quite good agreement with Eq. (23), including the contributic —— = == 5§ 30

of the ion peak. The case plotted in Fig. 9 of Barnes (1966) ct= -23 —“'-'lﬂ-'l-'l-'-*'l-“'-'-“t.— 20,30
responds tox = 0.22, and in this case the approximation of LS5 | A=5 50

is correct; only the electron peak term contributes significant o prsnnannann ha ~20,10

~ 20,0

g rat
)
b2

6.1. A conjecture regarding distribution functions
in the interstellar medium and the magnitude

- ON-neutral
of Landau damping €

collisional heating

Tumetric h

A striking feature ofF (B) is the very strong dependence on th g
plasmas, or in terms of our variables. This is a consequence m
of the assumed Maxwellian distribution function for the ions 9

which results in the Gaussian function in (23). Foffigiently

. . . . ig. 2. Comparison of Landau Damping heating rates with the radia-
low B or X, there are very few ions in the Maxwellian tail thal. ) . S
- ive cooling rate of the DIG. Shaded regions at the bottom indicate the
can resonate with the fast mode waves.

) . ) _radiative cooling rate and the heating rate due to ion-neutral collisional
Experience from observations of plasmas in the solar wiggmping. Horizontal lines indicate heating rate due to the LS expres-
show ion distributions which generally depart significantlyion (solid lines) and that of the present paper (Eq. (12)) (dashed and
from Maxwellians, in that there is an enhanced tail (e.g. Marsabited lines). The Lerche and Schlickeiser rates are calculated for val-
1991; Marsch 1999, and references therein). These distrilbas of the anisotropy parameter= 1 and 5 as indicated. The oblique
tions will have many more resonant ions that would a compatgave model is calculated for values af = 5 and 20 (first number
ble Maxwellian (as defined by temperature of the core distribiii-label for heating rate) and for propagation anges- 0,10, and
tion) and thus higher damping than predicted by the formul3Q degrees (second number in label). This figure demonstrates that if

in this paper. Although we do not presently have enough ithe turbulence in the DIG consisted of fast mode magnetosonic waves,

formation on the microphysics of the DIG, it certainly seemﬂs]e heating rate would greatly exceed the radiative cooling rate.
plausible that the ion distribution functions in the DIG would

be similar to those in the solar wind. In this cat€3) would

be a much more gradual function gfor x than (23), so that

F(B) (and thusyy) would be larger at small values ®f

<= = = » DIG cooling rate

expression, | utilized a value & s(8) = 9.3x1073, as adopted
in LS, although as discussed in Sect. 6, it seems likely that
7. The magnitude of turbulent dissipation this value is too low for the DIG. For the calculations utiliz-
and the heating rate in the DIG ing our model for obliquely-propagating interstellar turbulence
(Eq. (12)), | used=(B) = 0.040. To simplify the calculation,
Sdid not consider the dependence df(8) as may be seen in
. (21), but took a bulk value. This is obviously an approxi-
ation, but it is not likely to produce a significant quantitative
frerence.

In this section, | return to the main topic of all the papers in th
series, which is the heat input rate to the gas of the interste
medium by the Landau damping of MHD turbulence. | wil
utilize the expressions of LS as well as those presented in t |
paper. o
The results are presented in graphical form in Fig. 2, which The plotted values for the Lerche & Schlickeiser expres-
is a simplified version of Fig. 1 of Paper Il. The volumetSion @doptA = 1 andA = 5, as indicated. | consider these to
ric heating rate is presented as the vertical coordinate. T easonable values for the ISM, but those are not the values
medium-gray shaded area at the bottom of the graph indica"t‘tg_é’ocat‘?d by Lerc_he_and_Schllckelser. Further dls_cussmn of
the heating rates that can be accommodated by the radiatiyé crucial matter is given in Sect. 8 below. The oblique mod-
cooling capacity of the DIG. The light-gray shaded area giv€s Were calculated foh = 5 andA = 20, and propagation
the plausible range of heating rates due to damping of turiftgles of 6, 10°, and 30, as indicated in the figure.
lence by ion-neutral collisions. The close correspondence and The conclusion to be drawn from Fig. 2 is that the heating
overlap of these two shaded areas led to the suggestion that due to dissipation of turbulence in the DIG exceeds the
ion-neutral collisional damping is an important thermodynamawoling capacity of that medium by a factor which ranges from
process in the DIG (Paper I, Minter & Balser 1997). just under 2 orders of magnitude to about three orders of mag-
The dissipation-heating rates discussed in the present pagtirde. This statement obviously depends crucially and directly
are represented by horizontal lines. The solid lines are coom the assumption that the interstellar MHD turbulence can be
puted with Lerche and Schlickeiser formula, Eq. (21), and tlaecurately described as an ensemble of fast mode waves. This
dashed lines are given by Eq. (12). All of the fast mode damgatement was one of the principal conclusions of Papers | and
ing rate calculations utilize the same values for the turbuleni¢éeas well as the articles cited there, and it is corroborated by
parameterdr, lo, li, andVa. For the Lerche and Schlickeiserthe calculations of this paper.
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8. The feasibility of highly anisotropic turbulence along the magnetic field, rather than perpendicular to it as the
spectra case presented here. Finally, it seems likely that this turbulence

is better describable as quasi-two dimensional turbulence rather

The value for the turbulent dissipation rate claimed by LS feg4, propagating waves like fast mode magnetosonic waves.
the DIG in Sect. 5.2 of their paper is actually quite close to the

radiative cooling rate 0&3 x 1072% erggs'cm®. However, the
difference between that result and the calculations in Fig. 2dS3 1,,rpulence near the Earth’s bow shock
not due to an artifact of the way the integration is carried out

over wavenumber space (the topic of Sect. 4), nor of the valggg el of interstellar turbulence adopted in Paper | and con-
of F(8) (the topic of Sect. 6) as was implied by those authorg, oq here was inspired by the large amplitude MHD waves
LS obtained a heatng rate x 10" erggs'cm?® by choosing upstream of the Earth’s bow shock. These waves have many ob-
an extreme value ok” = 740Q A = 86 for the anisotropy of ge\aple characteristics which closely resemble the theoretical
the turbulence. _ ideal of plane MHD waves. However, even for these waves the
There are two remarks to be made about the assumptionygferyed properties indicate that the modulation scale trans-
such a large anisotropy factor. First, the potential of hidden fags,se 1o the propragation direction is several wavelengths, not

tors to drastically reduce the heating rate had already explicifly,< or hundreds of times the wavelength (Spangler et al. 1988).

been made in Paper I. For example, in the last paragraph@fis result was supported by the dual spacecraft measurements

Sect. 4.1.1, I said “The dependence of the linear Landau dargpy ¢ ¢ Russell (1990), who found a transverse correlation
ing rate ond (@ in the present terminology) arfel(5) should |ength of about one Earth radius, which is of order the wave-
be particularly noted. If the interstellar MHD waves are e'th?éngth of these waves. The observations of the fast magne-

Alfvien waves or parallel-propagating fast mode waves, the ligsonic waves upstream of the Earth’s bow shock indicate a
ear Landau damping will be identically zero. The damping rajg e of A ~ 5 is plausible, and\ < 20 worth considering

also depends strongly on the value of the plagmia a low8 55 a1 extreme value. However, the data do not support larger
plasma linear Landau damping is greatly diminished. In CoBnisotropy factors.

clusion, one can easily imagine circumstances under which the

heating rate could be lowered by orders of magnitude”. Lerche Obviously the turbulence in the Bise lonized Gas (DIG)

& Schlickeiser note that for a iiciently large anisotropy Of the interstellar medium could befférent than those plasmas
factor A, the heating rate can be adjusted to arbitrary and Idliscussed above. However, | feel that the proposal of extreme
values, but in Paper | it was noted that arbitrarily low valuednisotropy is argued against by the fact that known turbulent
including zero, could be accommodated by assuming pure pEtace plasmas exhibit no such anisotropy.

allel propagation. . . _ _In concluding this section, and indeed the presentation of
The second remark is that such large anisotropies, Whilgs paper prior to the conclusions, it is appropriate to acknowl-

not unphysical, seem highly improbable for turbulence whicfge the limits of our knowledge of interstellar turbulence, and
is generated by naturally-occurring processes. In support of tfljg consequences of those limitations for the subject at hand.
scepticism, existing information is summoned on anisotropy &fthough the basic plasma parameters of the DIG are well de-

turbulence in other astrophysical plasmas. termined, they are nonetheless spatial averages obtained from
line-of-sight integrations. It is possible that isolated regions
8.1. Measured anisotropy of interstellar turbulence could have properties quiteftiérent from the averages listed in

Table 2, with important consequences for turbulent processes.
Spangler & Cordes (1998) summarized measurements of the

anisotropy parametex for interstellar turbulence that existed OUr knowledge of the turbulence which occupies the DIG
up to that time, largely deduced from radio interferometri§ V€N more uncertain. Models for the interstellar turbulence
angular broadening measurements. These measurements SABE from the MHD wave field discussed in this paper to the
1.0 < A < 5. As discussed in that paper, it is possible that tfgddies described by two dimensional magnetohydrodynamics

true anisotropy factors are larger than the observed values, Giangler 1999, and references therein). Given these limita-
by the same token, there is no evidence/as 5. tions, one could plausibly postulate a central thermodynamic
' role for turbulence, and explore the circumstances under which

there could be a balance between turbulent dissipation and ra-
8.2. Coronal turbulence diative cooling of the Dffuse lonized Gas. The discussion of
ESGQi can be considered such an exploration, and it identifies

Radio propagation measurements have shown similar, . . o :
propag ; . ne way in which the substantialffirence between estimated
larger anisotropy factors in the density turbulence close to tﬁe

Sun (heliocentric distances of 5—R5, Armstrong et al. 1990; €ating and cooling rates can be eliminated.

Grall et al. 1997). The measured valuestofange from< 5 Nonetheless, the point of the present paper is that for this
to as high as 15. Even the highest values observed for cambe the case, the interstellar turbulence must have distinctive,
nal turbulence fall far short of the values suggested by L&nd perhaps extreme properties. It would appear to be incum-
Furthermore, these high values are observed in parts of tent on those advocating such a thermodynamic balance to pro-
corona where thg is very low, unlike the DIG of the interstel- pose observational tests which could confirm or falsify the ex-
lar medium. In addition, the irregularities are spatially extendéstence of such distinctive properties in interstellar turbulence.
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9. Summary and conclusions review of Paper I, that a major issue in interstellar plasma
physics is to understand how the interstellar turbulence can
evolve without generating a thermodynamically significant

level of fast mode waves.

The following are my conclusions about the magnitude of heat-
ing of the DIG by dissipation of turbulent fast magnetosonic
waves within the context of the recent paper by Lerche &
Schlickeiser (2001).
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