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Abstrac t . 
In this paper, I review our current understanding of interstellar scin

tillations (ISS) of pulsars. The emphasis is on new results that have 
appeared during the last five years. The topics covered include (i) review 
of the understanding of refractive ISS (ii) the shape of the spectrum of 
electron density fluctuations in the interstellar medium (iii) the distri
bution of scattering plasma in the Galaxy (iv) resolving pulsar emission 
regions using ISS and (v) ISS and pulsar velocities. 

1. Introduct ion 

Radio signals from pulsars are significantly affected by propagation effects in the 
tenuous plasma of the interstellar medium (ISM). These effects include interstel
lar dispersion, faraday rotation and scintillations. Interstellar scintillations (ISS) 
are produced by the scattering of radio waves due to the random electron den
sity fluctuations in the ionized phase of the ISM. Most observations of pulsars 
at distances more than about 100 pc and at frequencies below about 1 GHz, 
fall in the strong scintillation regime whereby the compact nature of the pulsar 
emission regions allows both diffractive scintillation (DISS) and refractive scin
tillation (RISS) effects to be seen (see Rickett 1990, for a review of ISS theory). 
DISS is due to the small scale electron density irregularities in the ISM and pro
duces effects such as angular broadening of the pulsar, which can be observed 
using VLBI instruments; intensity scintillations with typical decorrelation time 
scales (Td) and bandwidths {yd) of ~ 100 seconds and ~ 100 kHz, respectively, 
for nearby pulsars at metre wavelengths; and broadening of the pulsar profiles 
due to delayed arrival of the scattered radiation. 

RISS effects are produced by large scale electron density irregularities in the 
ISM and are generally broad-band in frequency. The associated time scales are 
quite long (~ weeks to months) for nearby pulsars at metre wavelengths. RISS 
effects include angular wandering of the scattered image; random modulations 
of flux and of the DISS parameters r^ and uj,', systematic drift slopes of the 
intensity scintles in pulsar dynamic spectra data and slow variations thereof; 
and the relatively rare occurrence of multiple imaging events which can produce 
periodic intensity modulations in time and frequency in pulsar dynamic data. 
Below, I will critically review our understanding of RISS. 

Observations of these DISS and RISS effects can be used to infer proper
ties of the scattering medium, such as the nature of the spatial power spectrum 
of the electron density fluctuations in the ISM and the strength and distri-
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bution of the scattering plasma in the Galaxy. Current understanding points 
to a power-law form for the electron density power spectrum, quantified as 
P ( K ) = C„(z) K~a, Kout <C K <C Kinn- Here C„(z) is a measure of the 
strength of scattering and can be a function of location in the Galaxy, z; K is 
the spatial wavenumber (inversely related to the length scale) and Kout, K;nn 

correspond to the outer and inner cut-off scales of the spectrum. The value of 
the power-law index, a, has important implications for the physics of the ionized 
medium. For example, a Kolmogorov spectrum (a = 11/3) extending from the 
outer to inner scale cut-off would support turbulent cascade models. Steeper 
spectra (a py 4) could be produced due to a medium having random superpo
sition of discontinuities, such as a collection of shock fronts (see Rickett 1990). 
I will review the various constraints on the detailed shape of the spectrum and 
new results about the distribution of scattering material. 

The study of pulsar scintillation also allows us to infer some properties 
about pulsars themselves, using the ISM as a tool. Thus, ISS can be used to 
resolve pulsar magnetospheres as well as to infer transverse space velocities of 
pulsars. I will describe below recent developments in these areas. 

2. Unders tand ing RISS 

Though it is now fifteen years since Rickett, Coles, & Bourgois (1984) first 
identified the effects of refractive interstellar scintillations in pulsar data, several 
aspects of RISS continue to elude a satisfactory explanation. One of these is the 
apparent discrepancy between the measured and predicted time scales (r r) and 
modulation indices (mr) of refractive flux variations. From measurements of 
DISS parameters of a pulsar, the expected values for m r and r r can be calculated, 
assuming a standard Kolmogorov model. Measurements of these quantities for 
a number of pulsars are now available in the literature (e.g. Gupta, Rickett, & 
Lyne 1994; LaBrecque, Rankin, & Cordes 1994; Gupta, Rickett, & Coles 1993; 
Kaspi & Stinebring 1992). Most results show larger than expected modulation 
indices and shorter than expected time scales, especially for nearby pulsars. A 
similar discrepancy is seen in the strength of modulation of DISS parameters (yd 
& TJ) due to RISS, where the measured modulation indices (e.g. Bhat, Gupta, 
& Rao, 1999a) are significantly larger than those expected for a Kolmogorov 
spectrum (Romani, Narayan & Blandford 1986). 

Theoretical models for refractive scintillations predict correlated fluctua
tions of Vd, TJ, and pulsar flux with epoch (e.g. Romani et al. 1986). One of 
the first reported measurements of this for one pulsar (Stinebring, Faison, & 
McKinnon 1996) showed that this may indeed be true. However, more extensive 
measurements for about 20 pulsars, recently reported by Bhat, Rao, & Gupta 
(1999b) show that , in general, the agreement with the predictions is poor. They 
find that though the V&,T& correlation is present fairly often, the correlations of 
flux with Vd and r^ are generally poor for many pulsars. 

Clearly, we need a better understanding of RISS, especially improvement 
in theoretical models. It is also possible that some of these discrepancies may 
be due to our poor understanding of the detailed shape of the power spectrum. 
For example, some of the higher refractive modulation indices can be produced 
if the spectrum is steeper than Kolmogorov (see next section). 
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3. Constraining the Power S p e c t r u m 

Although there is now considerable support (see for example, Armstrong, Rick-
ett, & Spangler 1995) for a power law spectrum with a slope close to the Kol-
mogorov value (a ss H / 3 ) , the exact slope and the range of wavenumbers over 
which it is valid, as well as the nature of the spectral cut-offs are still open to 
debate. There are several conflicting reports in the literature about the nature 
of the spectrum, which I summarise here. 

The evidence in FAVOUR of a pure Kolmogorov spectrum is : 

(i) Measurements of frequency scaling of decorrelation bandwidths and time 
scales from DISS observations of pulsars (e.g. Cordes, Weisberg, & Boriakoff 
1985; Cordes et al. 1990) are consistent with a = 11/3 These measurements 
probe length scales ss 106 — 108 m. 

(ii) Spectral slope estimates from DISS and RISS measurements (e.g. Bhat 
et al. 1999a; Smith k Wright 1985) give a sa 11/3 (though there is some evidence 
for a > 11/3 for nearby pulsars). These probe length scales ss 107 — 1011 m. 

(iii) VLBI observations of the scattering disc of PSR B1933+16 (Gwinn et 
al. 1988a) give a = 3.52 ± 0.13 for length scales 106 - 107 m. 

(iii) VLBI observations of H2O masers in W49 and Sgr B2 (Gwinn, Moran 
& Reid 1988b) give a ~ 3.67 upto length scales 1011 m. 

The evidence AGAINST a pure Kolmogorov spectrum is : 

(i) Enhanced RISS modulations of pulsar flux (e.g. Gupta et al. 1993) and 
enhanced modulations of Vd & Td (e.g. Bhat et al. 1999a; Gupta et al. 1994) 
require a > 11/3, or a large (sa 107 — 108 m) inner scale cut-off. 

(ii) Measurements of long term variability of pulsar dispersion measures 
(Philips & Wolszczan 1991) imply < a >= 3.84 ± 0.02. This probes length 
scales « 1011 - 1013 m. 

(iii) The observations of persistent drift slopes (which last for much longer 
than refractive time scales) in pulsar dynamic spectra (e.g. Bhat et al. 1999a; 
Gupta et al. 1994) require a > 11/3 (or the presence of discrete structures) for 
a suitable explanation. These probe length scales sa 1012 — 1013 m. 

(iv) Multiple imaging events in pulsar dynamic spectra (e.g. Rickett, Lyne, 
& Gupta 1997), extreme scattering events (ESEs) from pulsar timing observa
tions (e.g. Lestrade, Rickett, & Cognard 1998) and ESEs from extra-galactic 
radio source observations (e.g. Fiedler et al. 1994) are incompatible with a 
a = 11/3 spectrum, at scale sizes of sa 1012 m. 

Though at first sight it would appear that the above evidence is inconclusive, 
a closer scrutiny reveals the interesting aspect that all evidence for a spectrum 
steeper than Kolmogorov applies for large scales (?a refractive scale and larger). 
Thus it appears that the spectrum is Kolmogorov like for small scales (upto 
« 1011 m) and it either steepens (a £S 4) or has a an extra bump of power 
at larger scales (1011 — 1014 m). It is important that future work focuses on a 
better understanding of the spectrum. 
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4. Dis tr ibut ion of Scattering P lasma in the Galaxy 

Studies of the scattering measure (SM = / C „ d z ) of a large number of pulsars 
in different directions and at different distances can be used to contrain the 
distribution of scattering plasma in the Galaxy. Earlier models (e.g. Cordes et 
al. 1991) consisted of axisymmetric disks of uniform scattering material along 
with randomly distributed clumps of enhanced scattering material. A major 
improvement on these was the model of Taylor & Cordes (1993), which incor
porated discrete enhanced scattering structures such as galactic spiral arms. 

However, such a global picture is still too simplistic to explain the observed 
scattering in the local ISM (within 1 kpc of the Sun). The first evidence for this 
came from Philips & Clegg (1992) who found C^ for PSR B0950+08 to be 5-10 
times smaller than that for other nearby pulsars. Recently, Bhat, Gupta, & Rao 
(1998), from a detailed study of the scattering properties of 20 nearby pulsars, 
find clear evidence for non-uniform distribution of scattering plasma in the local 
ISM. Their inference of an ellipsoidal shell of enhanced scattering material, with 
a morphology very similar to that of the local bubble as known from other stud
ies, is an important step forward in understanding the local ISM. Subsequently, 
Bhat et al. (this volume) have shown that the scattering properties of many 
pulsars in the direction of the Loop I bubble can be understood if the boundary 
of this bubble also has enhanced scattering similar to that found for the local 
bubble. There are, however, other reports (Britton, Gwinn, & Odeja, 1998; also 
Minter, this volume) that argue against enhanced scattering at the boundary 
of the local bubble. Clearly, this area of work promises to be of interest in the 
near future. It is also possible that a better understanding of scattering in the 
local ISM may help resolve some of the other mysteries regarding the shape of 
the spectrum and anomalous RISS effects. 

5. Reso lv ing Pulsar Emiss ion Regions Us ing ISS 

Cordes, Weisberg & Boriakoff (1983) were among the first to show that ISS 
can be used as a tool to resolve pulsar emission regions. Their technique was 
to look for a shift of the diffractive scintillation pattern as a function of the 
pulse longitude. Another technique is to wait for multiple imaging events when 
strong refractive effects produce two well separated scatter broadened images 
of the pulsar. The interference pattern produced by these two images provides 
an interferometer in space with a baseline long enough to resolve the compact 
emission regions. Results from early applications of this method (e.g. Wol-
szczan & Cordes 1987; Wolszczan, Bartlett , & Cordes 1988) for pulsars PSR 
B1133+16 and PSR B1237+25 gave the transverse extent of the emission re
gions as AS ~ 106 — 107 m, which for a dipole geometry, translate to emission 
heights ~ the light cylinder radius ( R L C ) of the pulsars. These results are 1 -
2 orders of magnitude more than emission altitude estimates from other tech
niques (e.g. period to pulse width relationship - see, for example, Kijak & Gil, 
1998). 

However, recent observations of ISS effects have led to revised estimates 
of the sizes and altitudes of the emission regions. Most recently, Gupta, Bhat, 
& Rao (1999) have reported a high quality multiple imaging event for PSR 
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B1133+16 where they estimate the extent of the emission region as AS > 
3 X 105 m, which corresponds to an emission altitude of > 0 . 0 5 R L C - Similar 
estimates (AS ss 105 m) have been obtained from ISS observations at 102 MHz 
by Smirnova k Shishov (1989). It is interesting to note that these conclusions 
are also supported by results from VLBI observations of scintillation patterns 
(Gwinn et al. 1997; also Gwinn et al. this volume), which show the size of the 
emission region for the Vela pulsar to be « 500 km. Thus, ISS observations 
can be useful for probing the structure of pulsar emission regions and future 
observations, with better modelling, should provide tighter constraints on the 
size and location of pulsar emission regions. 

6. ISS and pulsar velocit i tes 

Scintillation velocity (V;ss) is the net relative velocity between the scintillation 
pattern and the observer and can be estimated from measurements of DISS 
parameters. It is a combination of the velocities of the pulsar and observer and 
of the location and bulk motion of the scattering material (e.g. Gupta et al. 
1994) and is usually dominated by the typically large transverse velocity (Vp m) 
of the pulsar. Lyne k Smith (1982), Cordes (1986) and, more recently, Gupta 
(1995) showed that Vjss and V p m are quite well correlated and hence scintillation 
velocities can be used to estimate transverse velocities of pulsars. One recent 
useful application of this has been the conclusion that millisecond pulsars have 
velocities significantly smaller than those of normal pulsars (Johnston, Nicastro, 
k Koribalski 1998; Gothoskar k Gupta, 1999). 

However, Gupta (1995) also noted some discrepancies between V;ss and 
V p m which could be explained as being due to the presence of discrete enhanced 
scattering structures along different lines of sight. This provides a potential 
tool for studying the distribution of scattering material in the Galaxy. In this 
context, Cordes k Rickett (1998) and Deshpande k Ramachandran (1998) have 
presented techniques for establishing the detailed relationship between Vjss and 
V p m for an arbitrary distribution of scattering material along the line of sight. 
Using these tools, it should be possible to obtain new results and insights about 
pulsar proper motions and also distribution of scattering material in the Galaxy. 

References 

Armstrong, J .W., Rickett, B.J., k Spangler, S.R. 1995, ApJ, 443, 209 

Bhat, N.D.R., Gupta, Y., k Rao, A.P. 1998, ApJ, 500, 262 

Bhat, N.D.R., Gupta, Y., k Rao, A.P. 1999a, ApJ, 514, 249 

Bhat, N.D.R., Rao, A.R, k Gupta, Y. 1999b, ApJ, 514, 272 

Bhat, N.D.R., Gupta, Y., Rao, A.P. k Preethi, P.B. in this volume 

Britton, M.C., Gwinn, C.R., k Ojeda, M.J. 1998, ApJ, 501, L101 

Cordes, J.M., Weisberg, J.M., & Boriakoff, V. 1983, ApJ, 268, 370 

Cordes, J.M., Weisberg, J.M., k Boriakoff, V. 1985, ApJ, 288, 221 

Cordes, J.M. 1986, ApJ, 311, 183 

https://doi.org/10.1017/S0252921100060553 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100060553


544 Gupta 

Cordes, J.M., Wolszczan, A., Dewey, R.J., Blaskiewicz, M., k Stinebring, D.R. 
1990, ApJ, 349, 245 

Cordes, J.M., Weisberg, J.M., Frail, D.A., Spangler, S.R., k Ryan, M. 1991, 
Nature, 354, 121 

Cordes, J.M., k Rickett, B.J. 1998, ApJ, 507, 846 
Deshpande, A.A., k Ramachandran, R. 1998, MNRAS, 300, 577 
Fiedler, R., Dennison, B., Johnston, K.J., Waltman, E.B., k Simon, R.S. 1994, 

ApJ, 430, 581 
Gothoskar, P.B., k Gupta, Y. 1999, ApJ, in press 
Gupta, Y., Rickett, B.J., k Coles, W.A. 1993, ApJ, 403, 183 
Gupta, Y., Rickett, B.J., k Lyne, A.G. 1994, MNRAS, 269, 1035 
Gupta, Y. 1995, ApJ, 451, 717 
Gupta, Y., Bhat, N.D.R., k Rao, A.P. 1999, ApJ, 520, 180 
Gwinn, C.R., Cordes, J.M., Bartel, A., Wolszczan, A., k Mutel, R. 1988a, in 

AIP Conf. Proc, 174, ed. J.M. Cordes, B.J. Rickett k D.C. Backer (New 
York: AIP), 106 

Gwinn, C.R., Moran, J.M., k Reid, M.J. 1988b in AIP Conf. Proc, 174, 
ed. J.M. Cordes, B.J. Rickett k D.C. Backer (New York: AIP), 129 

Gwinn, C.R., et al. 1997, ApJ, 483, L53 
Gwinn, C.R., et al. in this volume 
Johnston, S., Nicastro, L., k Koribalski, B. 1998, MNRAS, 297, 108 
Kaspi, V.M., k Stinebring, D.R. 1992, ApJ, 392, 530 
Kijak, J., k Gil, J. 1998, MNRAS, 299, 855 
LaBrecque, D.R., Rankin, J.M. k Cordes, J.M. 1994, AJ, 108, 1854 
Lestrade, J., Rickett, B.J., & Cognard, I. 1998, A&A, 334, 1068 
Lyne, A.G., k Smith, F.G. 1982, Nature, 298, 825 
Minter, A. in this volume 
Philips, J.A., k Wolszczan, A. 1991, ApJ, 382, L27 
Philips, J.A., k Clegg, A.W. 1992, Nature, 360, 137 
Smirnova, T.V., & Shishov, V.I. 1989, Soviet Ast., 15, 191 
Rickett, B.J., Coles, W.A., & Bourgois, G. 1984, A&A, 134, 390 
Rickett, B.J. 1990, ARA&A, 28, 561 
Rickett, B.J., Lyne, A.G., k Gupta, Y. 1997, MNRAS, 287, 739 
Romani, R.W., Narayan, R., k Blandford, R.G. 1986, MNRAS, 220, 19 
Smith, F.G. k Wright, N.C. 1985, MNRAS, 214, 97 
Stinebring, D.R., Faison, M.D., k McKinnon, M.M. 1996, ApJ, 460, 460 
Taylor, J.H., & Cordes, J.M. 1993, ApJ, 411, 674 
Wolszczan, A., k Cordes, J.M. 1987, ApJ, 320, L35 
Wolszczan, A., Bartlett, J.E., k Cordes, J.M. 1988 in AIP Conf. Proc, 174, 

ed. J.M. Cordes, B.J. Rickett & D.C. Backer (New York: AIP), 145 

https://doi.org/10.1017/S0252921100060553 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100060553



