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JOI THE COSMIC RAY DIPFUSION IN A VIOLENT INTERSTELLAR MEDIUM
B AM.Bykov and I,N,Toptygin
M.I.Kalinin Polytechnical Institute, Leningrad 195251, USSR

1. Introduction. A variety of the available observational
‘Jata on the cosmic ray (CR) spectrum, anisotropy and compo-
.sition are in good agreement with a suggestion om the diffu-
sion propagation of CR with energy below 10(15) eV in the
interstellar medium (see Ginsburg and Ptuskin, 1983). The
magnitude of the CR diffusion coefficient and its energy de-
pendence are determined by ISH magnetic field spectra.
: Direct observational data on magnetic fleld spectra are
still absent. In this work we present a theoretical model to
the turbulence generation in the multiphase ISM. Our model
is based on the multiple generation of secondary shocks and
concomitant large-scale rarefactions due to supernova shock
interactions with interstellar clouds. We derive (also see
Bykov and Toptygin, 1985) the distributiom function for IS
shocks with account for supernova statistics, diffuse cloud
distribution and various shock wave propagation regimes.
This allows us to calculate the IM magnetic field fluctua-~
tion spectrum and CR diffusion coefficient for the hot
phase of ISK. :
2. The ISM turbulence model, Current observational data on
The structure of 1M turbulence have been summarized in the
review by Armstrong et al.(1981). They have concluded that
a variety of data obtained by different methods do not con~
tradict to the assumption on the presence of continuous
spectrum of IM inhomogenuities in a wide scale range. The
energy density dependence om wavenumber k takes the form ol
W(k) ~ k™%X , where 1,4 ${£1,8 for 10(-20)< k <10(~8) cm
- (Armstrong et al., 1981). A
"~ The ISM is characterized by a wide variety of phase ste-
tes, 80 that the ISM turbulence is highly nonuniform. The
possibility of developing an inertial range of wesk MHD tur-
bulence produced by energy cascading from long wavelengths
t0 short wavelengths under the ISM conditioms has been dis~
cusged by MeIvor (1977). This discussion is based on the as-
b sumptior about collisional damping of MHD waves. We remark
(Bykov amd Toptygin, 1983) that the weak MHD turbulence
spsctrum can be developed by the energy cascading if only
» the linear Landau damping of collisionless MHD waves is ef-
‘fectively suppressed. The above suppression can be realized
due to the distortion of the thermal plasma distridbution
function by finite amplitude waves ( B ?.O,:I.Bo) with scales
1~3.10(17) em. If such waves are abaent, the“energy casca-
ding of weak MHD turbulence seems to be highly unlikely as
well as the appearance of some inertial range in the hot IM.
On the other hand, the fluctuations of ISM magnetic
field and electron density may be conmnected with the presen-
ce of stromg turbulence. Here we treat the stromg turbulence
as an ensemble of nomcoherent weakly interacting nomlinear
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waves. Por such a system the energy redistribution between
wave=ascales are determined by the evolution of nonlinear
waves. The strong turbulence of ka 1lr golitons has been -
discussed by Rudakov and PTsytovich (1978).
~In the present paper we propose the model for a strong
ISM turbulence. The main gtructural elements of our model
are nearly spherical collisionless shock waves with rarefac-
tionsregions in the inner parts of the spheres. Such struc-
tures may be formed due to multiple interactions of astrong
supernova shocks with interstellar clouds. The total energy
input to the ISM turbulence in our model can be estimated
as 10% from the kinetic energy of large-scale motions pro-
duced by supernovae and stellar wind of 0B stars (about
10(-27) erg-om(=3):g(~1)). Now we obtain the distribution
function for IM shocks of different strengths (also see
Bykov and Toptygin, 1985).
g; I3M shock wave distribution function. Theoretiocal consiw
eration of an average distribution of ISM shocks igs imporw
tant to study the ISM structure (McKee and Ostriker, 1977;
Heathcote and Brand, 1983) and CR propagation (Blandford
and Ostriker, 1980; Axford, 1981; Ginzburg and Ptuskin,}984).
We define the shock stremgth distribution funetion P (M)
an average number of passings of shocks with Mach ers
M, M+dM through an arbitrary point of ISM digk per unit
time (cf. Blandford and Ostriker, 1980). Supermova explosi-
ons with local rate 8 (~10(-13) pc(~3)/year) produce strong
primary shock waves in the ISM. The primary shock evolution
is described by selfsimilar spherical solutions with radius
R(M) = R, M=%/ (1)
where R depends on the enérgy release and ambient gas para-
meters. The exponent (\ is equal to A= 2 for the Sedov so=
lution; A= 4,5 for the McKee and Ostriker golution, and
(A = 1,2 for the snow-plow model,
It is lmown that an average number of passings of pri-
mary shocks with Mach numbers > M through an arbit

point of ISM per unit time is given by (see e.g. Blandford
and Ostriker, 1980; Axford, 1981) '

3 .

o FQO = silplyet (2)
Thus, P (M) = -dP/dM . Primary shock propagation through
ISM with ‘embedded diffuse clouds will be accompanied by ge-
neration of gecondary shocks (e.g. see Spitzer, 1982). The

number of secondary shocks produced by a primary shock will
be about 10(4), provided the cloud number density R

% 5:10(~4) pc(=3), and R = 10(2,3) pc. The distribution fun-
ction of secondary shock® (without account for secondary

shock reflectigg from clouds) takes the form:

Pm()‘” :3£d§d}‘4gd\)\’(o?(« (}M*\)&(\}\M_\%’.‘N;)((};}_:))l[ ) (3)
+ N
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where £ . is the diffuse cloud filling factor in the ISM.
Thig fo¥fiula takes account for shock reflection from dense
sphere and the secondary shock propagation regime., For simp-
licity, we consider a perfect gas with Y = 5/3 and take into
account that secondary shock will be weak (i.e. M= 141) 1if
the primary shock has M,<3 (for more detailed discussion see
Bykov and Toptygin, 19825).

As a result, we derive an approximate distribution func~
tion with account for the weak secondary shock contributions

Pl = A8 PRI 3hg Ll petV] @

where C(3;4,5) = 4,1:10(=3). It should be noted the strong
dependence of P on M determined by the secondary shock con-
tribution., Among the waves with M41,2, secondary shocks are
dominant. Multiple interactions of secondary shocks with
clouds can be taken into acoount by iterations of eq. (3),
i.e. by series expansion of P()A) with respect to fol‘

4. IM fluctuation aﬁectra.» In the discussed model nearly
spheric ocks w rarefaction regions in the inmer parts
of spheres represent well-defined structural cells. The ISM
velocity, density and magnetic field fluctuations are deter-
mined by noncoherent overlapping of a large number of such
structures. For statistically homogeneous and isotropic en-
gemble of shocks (with strength M ) and concomitant rareface
‘tion the spectral energy density takes the forms

i ) = (W/R) e u-Ay e R L kR o] (5)

whichig valid for scales kOl(1, where 0 is the ‘shock front
thickness. For collipionless week shocks in the hot ISM { &
10(12) cm. Eq. (5) quite satisfactorily extrapolates the well
~known relations at kRv>1 and kR«1 (Bykov and Toptygin,1985).

~ To evaluate the spectral energy density, W(k), one should
average BEq. (5) over an engemble of sho?ks with aifferent
strencths. This yields W(k) = WY(k) + Wk), where

o0

W(\\[\Q: Sw(k \)‘\)9('\()‘) O‘M) W(l\(k) =
% 1 .35 \13 () (}‘0_4)5 _ m (6)
=5&u&o\y\1&0\ ;&O\}ME (M&\W‘(k))“ 1\ ('M"";:“q S(l}"i \j‘&‘m)

Let us prese%t the obtained expression for W(k) in the short
- wavelepngth limit (kR Y1) for the McKee and Ostriker (1977)

model (Ay3): °

- ~ - NRe S~A\l -4
W) = ekt R+ 3 € vy e [ B i e
R ¢y being the mean radius of clouds; (M-1)210(--2); c(2;4,5)

= 9,4:10(=3). The long-wavelength spectral range has been
congidered earlier by the authors. The magnetic fluctuation
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spectrum appears to be similar to the velocity fluctuation
spectrum given by Eqs. (6),(7).

Thus, Egs. (6) determine the fluctuation spectrum in the
model of turbulence produced by shocks from supernova explo-
sions. The main mechanism of energy redistribution over wave-
lengths is that due to the generation and subsequent self-
gimiler evolution of secondary shocks.

+ The CR diffusion. The magnitude of the CR diffusion coef=
gIcIenf along the field lines X, and its dependence on the
energy E of energetic particles are determined by the magne-
tic fluctuation spectra (e.g. Toptygin, 1985),

&y = c‘%\')‘)(B:/SB:()N%W(E/QKBO)MRO) - ®)

where the effect of large~scale magnetic fields on the par—
ticle scattering at \$ =T[/A is taken into account.. According
to our result (7) for the McKee and Ostriker (1977) model,
the spectral turbulence index V = 2. Hence, it follows from
Eq. (8) that the CR diffusion coefficient along the regular
magnetic field is energy-independent as long as E eR B .
Por the above mentioned parameters of the model we ha¥e®

'32“ = 5-1028 cng"l which is in satisfactory agreement with
observational data on CR anisotropy and abundance.
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