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Abstract. Data on interstellar ditfraction and refraction scintillation of pulsars are analyzed. Com-
parison between theory and the observational data shows that two types of spectra for electron density
fluctuations are realized in the interstellar medium: pure power law and piecewise with a break.
The distribution of turbulent plasma in the Galaxy has a three component structure. Component A
is diffuse and it is distributed outside of the spiral arms of the Galaxy. Component BI is cloudy
and associated with Galactic arms. Component BII is extremely nonuniform and associated with
HII regions and supernova remnants. The origin of the interstellar plasma turbulence is considered,
and possible sources of turbulent energy are discussed. The contribution of supernova bursts in the
interstellar gas ionization and generation of turbulence are analyzed among other factors.
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1. Introduction

In his pioneering work Scheuer (1968) supposed that pulsar intensity fluctuations,
with a fine frequency structure and a temporal scale of order of minutes, are de-
termined by scintillation on irregularities of the interstellar medium. In the next
year Rickett (1969) showed that the frequency scale of the intensity fluctuations
of pulsars decreases with increasing dispersion measure (DM). This result proved
the interstellar origin of the pulsar flux fluctuations. More recently, Sieber (1982)
revealed that characteristics of the slow pulsar flux fluctuations, with time-scales
of order of days and months, depend on DM also. Large sets of data have been
obtained over 30 years of investigations and we have a lot of information on the
interstellar turbulent clouds which cause interstellar scintillation. However, up to
now we don’t have a universally accepted model of interstellar plasma turbulence.

2. Data on Scattering and Scintillation

The following effects of radio wave modulation by the interstellar turbulent plasma
are observed:
I.  Scattering effects
a) Angular scattering; the characteristic scale is O;.4;.
b) Pulse broadening; the characteristic scale is 7.
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II. Scintillation effects
¢) Weak scintillation. Parameters are: m,,..x — scintillation index, t,,.,x — char-
acteristic temporal scale.
d) Strong or saturated scintillation
dl) Diffractive scintillation. Parameters are: my;; = 1 — scintillation index,
tqir — temporal scale, Afy;y = 1/2m 7 — frequency scale
d2) Refractive scintillation. Parameters are: m,.; — scintillation index, T,.r
— temporal scale.
The theory of wave propagation in random media is now well developed (see, for
example, Prokhorov et al., 1975; Martin and Flatte, 1988; Shishov, 1992; Smirnova.
Shishov and Stinebring, 1998). For the plasma case modulation effects depend only
on the power spectrum of electron density fluctuations. Theory shows that wave
evolution is essentially different for three types of a turbulent spectrum (Shishov,
1993): 1) Kolmogorov type

Dy (q) =< [[ d*qexp(—iqr)N,(0)]? >= Cy,q7",
/L <g<1/1,3 <n <4, (hH

here q is a spatial frequency, L is the outer and 1 the inner scale of turbulence, N,
is electron density, Cy,? is a coefficient that is proportional to the square of the
electron density fluctuations variance; 2) Steep power law type, that determined by
equation (1) with

4<n < 6; (2)

and 3) one scale (Gaussian) type. Kolmogorov type spectra lead to two-scale scin-
tillation patterns in the strong or saturated regime: small scale, or diffractive, and
large scale, or refractive. The refractive scintillation index decreases with increas-
ing distance. Steep power law spectra give a similar picture for strong scintillation,
but the scintillation index of the large-scale component is constant; a large refrac-
tion angle exists for this case. The Gaussian type spectrum gives only the diffractive
scintillation component in the saturated regime.

Rickett, Coles and Bourgois (1984) supposed that refractive and diffractive in-
terstellar scintillation are caused by effects of wave propagation through a medium
with a single power law (Kolmogorov) spectrum of electron density irregularities.
For this spectrum and for the case of saturated scintillation one can obtain the
following equations (Smirnova, Shishov and Stinebring, 1998)

Tre./' (.8 (Rgsmt/v)
tdif (S8 (1/1(95(':1[\/) (3)
Afdif &8 (C/T[Rexcutz)s

here k is wave number, V is the pulsar velocity, c is the speed of light, R is distance.
It follows from the equations (3), that one can expect a correlation between vari-
ations of the parameters of diffractive and refractive scintillation. Analysing the
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observational data for 21 pulsars at 610 MHz, Smirnova, Shishov and Stinebring
(1998) showed that the ratio of the characteristic time scales for diffractive and
refractive scintillation is proportional to the decorrelation bandwidth

(T,epltair) o< Atyiy @)

This relation is evidence for a Kolmogorov type spectrum because this dependence
follows from the equations (3). The power law index n can be determined by using
the dependence of the refractive scintillation modulation index on the decorrelation
bandwidth Af,;;. Theory gives

mré’fz & (Afdif/f)MAn)/zs kle,vcat <1
(Afdi_f/ﬂ(4_n)/4’ kle.\'('at > 1 s (5)

Observational data for 21 pulsars at 610 MHz show two groups of points. Group
I corresponds to a medium with a piecewise power law spectrum with the value n
=~ 3.67 and inner scale 1 = 3. 10'%m. Group II corresponds to the pure power law
spectrum with the value n = 3.67. This means that the spectrum shape is different
for different regions of the interstellar medium.

3. Refractive Modulation of Diffractive Scintillation

Theory is well developed for the case of the averaging on the total statistics. The
diffractive scintillation (correlation functions) and the scattering (coherence func-
tion and pulse shape) are usually measured in the regime of partial averaging over
the diffractive scintillation statistics. Measurements give the fluctuating values of
visibility functions, scattered pulse and correlation functions of diffractive scin-
tillation. First theory results predict that relative variations of the scattering and
scintillation parameters should be of the order of the refractive scintillation in-
dex for the case of a Kolmogorov type spectrum (Blandford and Narayan, 1985;
Shishov, 1995).

(80 catlOscar) = (Btaipltair) ~ (8T/T) ~ (8 Afyip/ Afyip) = myz (6)

In general, observational data correspond to these predictions (Stinebring, Faison
and McKinnon, 1996). For the case of a Kolmogorov turbulent spectrum, theory
predicts small angle refraction

(59r¢/'/9u-m) ~ m;.r (7)

and the shift of the maximum of the two-frequency cross-correlation function of
intensity fluctuations or frequency drift. Observations show the effect of the fre-
quency drift, that corresponds to these predictions (Gupta, Rickett and Lyne, 1994).
But sometimes this effect is very strong and corresponds to very large values of the
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refraction angle, 66,.r ~ (5 — 10)8,,,. It is difficult to explain such values of the
refraction angle in terms of a Kolmogorov turbulent spectrum.

4. Distribution in the Galaxy

Cordes, Weisberg and Boriakoff (1985) established that turbulent interstellar plasma
is concentrated in compact clouds and the distribution of clouds in the Galaxy
has a two component structure. Component A is diffuse, localized in interarm
regions and has a distribution that is nearly statistically uniform. Component B
has essentially nonuniform distribution in the Galaxy and is associated with the
galactic arms. It was shown by Smirnova, Shishov and Stinebring (1998) that com-
ponent B can, in turn, be separated into two subcomponents. Subcomponent Bl
is characterized by a Kolmogorov turbulent spectrum and is distributed more uni-
formly in Galactic space. The spectrum of subcomponent BII can be described by
a power law with inner scale 1 & 3-10'cm, and this subcomponent is concentrated
in compact regions adjacent to pulsars.

Pynzar’ and Shishov (1997, 1999) investigated in more detail statistical rela-
tions between scattering and scintillation parameters on the one hand, and disper-
sion measure DM and emission measure EM, on the other hand. Most observational
data relate to the characteristic time of pulse broadening, t, and the decorrelation
bandwidth, Afy;,, that can be reduced to T ~ 1/2m Afy;s. These data were reduced
to frequency f = 300 MHz. Observations cannot be described by a single power
law .

T x DM?. (8)

For pulsars with DM < 50 pc/cm?, the observational data correspond to the relation
(8) with o = 2, that is consistent with the distribution of the turbulent plasma in a
statistically uniform model and corresponds to component A of the distribution of
the turbulent clouds in the Galaxy. For large values of dispersion measure, DM >
50 pc/cm?, the dependence T on DM corresponds to (8) with & & 4.5. This depend-
ence can be explained if electron density variation is the main factor for variations
of DM and r. The region of large values of DM corresponds to component B of
the distribution of turbulent clouds.

Some information about the nature of turbulent plasma clouds and their distri-
bution in the Galaxy is contained in the statistical dependence of T on emission
measure, EM. Observation data can be described by the relationship (Pynzar’ and
Shishov, 1999)

r « EM?, EM < EM,,;, = 200 pc/cm’®
T « EM, EM > EM,,;, 9)

Note that EM « N,? and according to Cordes and Rickett (1998), and Smirnova,
Shishov and Stinebring (1998)
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O sear® < (AN,)? 10

T O( seat O( ( (’) bl ( )
where

B=2kl0.., <1
B =4/(n-2),kl0.,; > 1 (1

Therefore equation (9) implies a level of turbulence:

8 =(ANN,) o« N4=P/B N, < N, iy =0.7 cm™
§ o N()(Zfﬂ)/ﬂ’ Ne > Neerie, KlO0eqr < 1 (12)
§ = Const = 8, N, > Ne erir, KlO o0 > 1

This means that turbulence is weak for N, < N, ;. It is possible that turbulence
is strong with 6 ~ 1 for N, > N, .

5. Correlation between Distributions in the Galaxy of Pulsars and Plasma
Turbulent Clouds

The results of this section are described in more detail elsewhere (Pynzar’ and
Shishov, 2001).

Analysis of the distribution of turbulent clouds along the line-of-sight showed
that the turbulent plasma is frequently located near pulsars (Smirnova, Shishov and
Stinebring, 1998). Therefore one expects an association between pulsars and high-
density turbulent plasma. To check this assumption we investigated the dependence
of pulsar number density on the sky, N/S, on emission measure, EM. Here N is
the pulsar number within solid angle S. The statistical data show that the pulsar
number density increases with increasing EM up to the value of order of EMy =
1000 pc/cm®. The characteristic angular scale of an HII region corresponding to
EMy is of order 3°.

To investigate the possible temporal evolution of the pulsar and gas complexes
we analyzed the dependence of the emission measure in the direction of the given
pulsar, EM, on the pulsar age, T. The distribution of points on the plane logEM
~logT shows well defined low boundary EM,,;,, that decreases with increasing T
for 10%years < T < 10 years. This means that pulsars in this boundary region and
plasma in the nearby pulsar HII region are burnt at the same time — the time of
the supernova burst. Using these values of EM,,;, and data for DM one can obtain
the dimensions, R,,;,, of HII regions near pulsars, with ages T ~ 10* years in the
boundary region, and electron densities in these regions

Ryuin = 360 pc
Nemin = 1.5 em™. (13)

An energy of order E;,, = 10°* erg is needed for the ionization of such an HII
region. The values of emission measure were obtained using the assumption that
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the electron temperature is T,= 10 000°K. If the temperature is T, = 10° °K one
can obtain

Ryuin =70 pe
Nemin = 8 cm ™, (14)

For this case the energy of ionization is of order of E;,,, = 5-10°" erg. The problems
of the electron temperature in the HII regions and the energy of the ionization
should be investigated in more detail.

The data for most pulsars show, on average, decreasing emission measure, EM,
with increasing pulsar age, T. The characteristic time of this decrease is of order
T = 10° years. It is possible that this time corresponds to the active stage of star
formation and supernova events.

We see that a supernova explosion can be an important source of ionization
energy for the interstellar plasma. The evolution of an HII region excited by a
supernova burst must take into account instability of the cooling plasma. This
instability leads to fragmentation of the plasma to dense clouds with the size of
order of

LV, -T,~0.1-1pc (15)

Here V; is the speed of sound and T,.. is the recombination time. A series of suc-
cessive supernova bursts can generate strong plasma turbulence with an outer scale
L, because sudden heating leads to expansion of the dense clouds and collisions
between them.
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