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Abstract. Radio-wave scattering in the interstellar plasma provides the means to circumvent the
diffraction limit for earth-based instruments, and to image the emission regions of pulsars. For the
past 25 years, observers have sought to exploit this fact to learn how pulsars shine. I review the
techniques developed, and summarize measurements of size of emission regions of pulsars to date.

1. Introduction

By unknown processes, pulsars convert a tiny fraction of their rotational energy
into radio and shorter-wavelength emission. The density fluctuations of the inter-
stellar refract radio waves, and so act as a huge but corrupt lens. This lens offers
nanoarcsecond resolution at the pulsar. Observers have long attempted to exploit
this potential to provide observational constraints on the emission process. They
have developed several techniques, and found a variety of interesting results, as
summarized below.

Many astrophysical researchers play roles analogous to herbivores, consuming
vast amounts of nearly uniform data. Some are more like carnivores, rarely digest-
ing small amounts of richer data. In this review I seek to broaden the paradigm
to include creatures more like baleen whales, which consume large amounts of
relatively nourishing, but perhaps not completely uniform, data.

2. Radius-to-Frequency Mapping

Observations of pulse profiles and their variations with time, frequency, and Stokes
parameters provide many useful, model-dependent, constraints on pulsar emission
mechanisms..Among these, [ will describe the radius-to-frequency mapping. Meas-
urements based on this scenario provide an interesting contrast to results from
scintillation studies.

Theory suggests that pulsar emission arises from relativistically-outflowing elec-
tron-positron plasma on the ‘open” magnetic field lines. These lines link a pulsar’s
surface to the cylinder corotating at light speed. In the cone of open field lines,
lower radio frequencies may be generated at lower plasma densities. For example,
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the emission frequency at a given point may be some multiple of the plasma fre-
quency there. The magnetic field lines diverge, so at lower frequencies the emission
region may be at higher altitudes (and larger in size). If the emission region is
higher, and so closer to the observer, the lower frequencies should arrive at the
observer earlier — even after removing the best-fit values for the time delay due to
interstellar dispersion. A variety of other effects, including variations in intrinsic
pulse shape, aberration, relativistic beaming, lateral bending of the cone of open
field lines, and the fraction of the cone that the emission region occupies, also can
affect the observed arrival time as a function of frequency. Phillips (1992) discusses
these effects.

From measurements of pulse arrival times at observing frequencies of f = 47
to 4800 MHz, Phillips concluded that emission zones over this frequency range are
separated by no more than 200 km in pulsars B0823+26, B0919+06, B0950+08,
and B1133+16. Under the assumption of a dipolar magnetic field, with emission
filling the open field lines, and emission frequency f o n®, where n is plasma
density and the power-law index & < 0.66, he finds that the emission altitude must
be less than 100 km in these objects.

3. Source Structure from Scattering

Radio-wave scattering in the interstellar plasma produces a diffraction pattern in
the plane of the observer. Observers have used 3 measures of this diffraction pattern
to probe pulsar size:

— shift of fringes over the pulse, during dringing events,

— shift of the usual random pattern over the pulse, and

— smearing of the pattern, and consequent decrease in modulation, by source

size.
The first 2 techniques measure the shift of the centroid of the emission re-

gion over the pulse. The third measures the size of the emission region. Figure 1
illustrates these techniques. I discuss each below, with examples.

3.1. FRINGING EPISODES

Occasionally two paths through the interstellar medium dominate radiation re-
ceived at the observer. These paths interfere to produce fringes in the observer
plane. If the emission region shifts during the course of a pulse, pgrhaps as the
pulsar rotates the emission region across the line of sight, one path shortens and
the other lengthens, shifting the fringes in the observer plane.

Wolszczan and Cordes (1992) observed an episode of fringing in pulsar B1237+
25. They observed a shift of the fringe pattern over the pulsar pulse, on two days
of observations. On each day, the change in fringe phase was proportional to the
reciprocal of the fringe spacing, as expected for the same shift at the source and
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Figure 1. Left: Two ray paths through the interstellar medium produce interference fringes in the
plane of the observer. Source motion produces a reflex shift of the fringes. Middle: Source motion
produces a reflex shift of the random interference pattern. Right: Source size smears the pattern, as
comparcd to that from a point source.

different separations of paths, on the two days. The change in fringe phase did not
vary monotonically over the pulse, and so was inconsistent with emission along
dipole magnetic field lines at the pulsar. They found a shift of less than 1100 km
at f = 430 MHz. The unknown location of the refractor along the line of sight
is responsible for most of the uncertainty of the result. The fact that the emission
region must lie within the light cylinder provides an important constraint on that
location.

Gupta ef al. (1999) report a fringing event on pulsar B1133+16. They also
observe a shift of the fringes over the pulsar pulse. From the slopes of the scin-
tillations in the frequency-time diagram, they derive the bending angles of the
interfering rays, and so the distance of the refractor. They find that the refractor lies
at 77% of the distance of the pulsar, near the edge of the Local Bubble. They also
observed a non-monotonic shift of the fringes, again ruling against dipole structure
for the pulsar’s magnetic field. They determined a source size of about 300 km at
f = 330 MHz. Wolszczan et al. (1988) also observed B1133+16 during a fringing
event. They detected a shift of the fringes over the pulse, and inferred a size of
<3 x 10 km at f = 430 MHz.

3.2. MOTION OF RANDOM SCINTILLATION PATTERNS

Usually the diffraction pattern is random. Motion of the source produces a reflex
shift of the pattern. Comparison of the scintillation pattern at 2 or more pulse phases
can detect a synchronous shift of the emission region.

Cordes et al. (1983) compared diffraction patterns in 2 gates on the sub-pulses
of pulsars B0525421 and B1133+16, at f = 430 MHz. They compared autocor-
relations of the scintillations in each gate with cross-correlation between gates.
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Figure 2. Sizes of pulsars inferred from the modulation indices mecasured by Roberts and Ables
(1982). Lines serve to guide the eye in relating sizes of one pulsar measured at different frequencies.

They found position shifts of < 850 km and < 1100 km, respectively, between
the 2 gates. More recently, Smirnova ef al. (1996) (compared the scintillation pat-
tern in many gates across the pulse, for the strong pulsars BO834+06, B1133+16,
B1237+25, and B1919+21, at f = 103 MHz. They observed significant and,
indeed, quite marked changes in the diffraction pattern between pulse phases, im-
plying a shift in source position of 10° to 10* km over the pulse.

3.3. SMEARING OF SCINTILLATIONS BY SOURCE SIZE

For a point source in strong scattering, the modulation index is m = ({(/*) —
((I))?)/({1))* = 1, and the distribution of intensity is exponential. For an extended
source, the modulation index is < 1, and the distribution of intensity is more
condensed (Gwinn et al., 1998). Fits to the distribution provide a more accurate
measure of source size, and are less susceptible to systematic effects that can affect
the distribution of intensity.

Roberts and Ables (1982) measured modulation indices for 9 pulsars, at f =
410 to 3500 MHz. Figure 2 shows their results. They find source sizes of 0 to
4 x 10* km. As the figure shows, they find little evidence for larger size at lower
trequency. Gwinn et al. (1997, 2000) fit a model to the distribution of interfero-
metric visibility, and found sizes for the Vela pulsar in 3 gates across the pulse.
The size decreases with pulse phase, from 440 £ 90 km to less than 200 km, at
f = 2300 MHz. Macquart et al. (2000) find a much smaller size for this pulsar at
f = 660 MHz. Their innovative techniques allowed them to study the extremely
narrow-bandwidth scintillation of the Vela pulsar at this frequency. Their observed

https://doi.org/10.1017/50252921100000713 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100000713

STUDYING PULSAR EMISSION REGIONS USING INTERSTELLAR SCATTERING 69

LI I | l LELELIRL l LI l LR [ LB ‘ LI

1000 e -
< f T :
- -

£ [ z j
E | T % ]
£ @
2100 -
v - 3
75] - =

10 l.tl ' l-l-l 1 l H lJl 1.l 1.1 l bl ‘ L.l )

1 2 3 4 5
Frequency (GHz)

Figure 3. Size of the Vela pulsar as determined by various groups, plotted against observing fre-
quency. Circles: Roberts and Ables (1982); crosses (3 pulse gates): Gwinn et al. (2000); diamonds
(2 linear polarizations): Macquart et al. (2000).

modulation indices in the 2 senses of linear polarization correspond to inferred
sizes of 140 £ 40 and 100 & 70 km, using the screen location found by Desai ef al.
(1992). Interestingly, Roberts and Ables inferred increasing size for this pulsar as
a function of observing frequency. Figure 3 summarizes size measurements for the
Vela pulsar. The results suggest a nearly constant, or possibly increasing, size for
the emission region as a function of observing frequency.

4. Summary

Three techniques yield sizes for pulsar emission regions of 10% to 10* km. Compar-
ison of the sizes inferred for individual pulsars at different frequencies show little
evidence for a decrease in size with increasing observing frequency, contrary to
expectation from the radius-to-frequency mapping. The observations are consistent
with constant, or even increasing, size with observing frequency.

The primary limitations of present measurements are uncertainty of the distance
of the scatterer, and signal-to-noise ratio. The distance of the scatterer relates the
linear scales at the source and observer, analogously to the magnification of a lens.
Interferometric and single-dish observations can help to determine this distance,
reducing uncertainties for strong pulsars.

To obtain useful data, the signal-to-noise ratio must reach 1 in a single scintle
(scintillation bandwidth x scintillation timescale), and an observation must contain
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a statistically significant number of scintles. Even with the largest telescopes, this
is possible only for strong pulsars with convenient scattering parameters. Construc-
tion of telescopes significantly larger than any now operating will allow determin-
ation of sizes for a much larger group of pulsars.
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