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Abstract Pulsar observers have to contend with several effects gfggation through the
ionized interstellar medium. | review those effects and ey can be used to study the
interstellar plasma. Pulsars are normally observed undeditons of strong scintillation
and show both diffractive and refractive effects. | empbashe diffractive scintillation as
exhibited in the dynamic spectrum and in its converse — pulsadening. From Parkes ob-
servations of the pulse broadening of PSR J1648, | estimate the inner scale in an inter-
stellar region of strong plasma turbulence to be about 1Q0Idiscuss the representation
of dynamic spectra in terms of their “secondary spectra” slralv how the arcs, that are of-
ten revealed, are related to both angular broadening ase pubadening. Anisotropy in the
scattering both changes the scattered pulse shape bunfianaes the visibility of the arcs.
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1 INTERSTELLAR DISPERSION AND SCATTERING

The starting point for analysis of interstellar propagagdfects for pulsars is the dispersion of pulse arrival
time versus frequency. From the change in arrival time ofggsbover a bandwidtb centered at frequency
(v0), we can determine the dispersion measure DM, which is thavao density of electrons along the
path L from each pulsar. One can also think of the correspondinig ir@@pagation phase over that path

¢ = (21/N) j;JL n(rz/L, z)dz, wheren(r, z) is the refractive index at transverse positioand distance

z from the pulsar. Assuming that the interstellar electronsitg V., is such that is always much larger
than the local plasma frequency, we obtain= L(27vy/c) + 7.DM\, wherer, = 2.82 x 1071° m is
the classical electron radius. The associated group deJay: d¢/dv/(2r) = L/c + r.DM/(2m);
subtracting the free-space terms, we see that the dispgrkigma delay is simply related to the plasma
phase a§, = —¢/(2m1y) (Rickett 1988). Of course, pulsar observers have to renfwrditferential delay
that this causes over the bandwidth, either by coherentohierent methods.

The best timing measurements require correction for chaimgeM, as was done by Kaspi et al. (1994)
for early measurements of PSR B1937+21. Ramachandran(2086) have recently assembled 20 years
of timing results on this pulsar at various radio frequescieom which they have estimated the variations
in DM and its structure function. Because of the relationlabma delay to plasma phase one can directly
obtain the structure function in (their figure 7). At 1.4 GHz they fit it by the function:

Dy(t) = ([¢(t") — ¢(t' +1)]*) = (t/5ta)* [radian?], )

over times from 12-5000 days and estimétg = 180 s anda = 1.66 consistent with 5/3, as expected
for a medium with a Kolmogorov wavenumber spectrum. The geann DM or¢ are largely due to the
motion of the line of sight from the pulsar to the Earth refatto the dispersing interstellar electrons.
Ramachandran et al. estimate this velocity to be 40 khfar mapping time scales to spatial scales. Hence
the spatial scale associated wiity is 7200 km. The same transverse gradients that cause DM to vary
also cause interstellar scattering and scintillation JI&8pulsars the primary effects are broadening of the
pulse shape and fluctuations in the pulse amplitude overamdgrequency.
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Interstellar Scattering

Considering the scintillation first, the dominant (diffti@e) scale §;) is defined by the separa-
tion where the spatial structure function equals one r&disivhen the scattering medium can be de-
scribed by an isotropic Kolmogorov wavenumber spectrum weaio Dy(b) = (b/sq)%/3. If the
spectrum were anisotropic with an axial ratly Dy is a similar power law of the quadratric form
VA(x/s4)? + (y/s4)?/A. The diffractive scale is intimately linked to the angulaoddening angle
04 = A/ (2msq), which is the characteristic width of the angular spectrompiane incident wave. Thus
smaller diffractive scales correspond to wider angulattsdag and vice-versa; and so anisotropy causes
wider scattering in the spatially narrow direction (hejeFor the pulsar geometry we have a point source at
distancel and if the scattering occurs in a relatively thin layer atatises from the pulsar, the apparent
angles of arrival at the observer would fye= s6,.

The mutual interference of the waves scattered at diffexegles causes the intensity to vary across a
wavefront and then the motion of the observer relative topthisar and medium cause variations in time
(Interstellar Scintillation - ISS). In pulsar observatsowe normally have “strong scintillation” which is
whenm = (Ims/(I)) > 1, and the dominant effect is diffractive intensity fluctoas over a scaley
with a scintillation indexn ~ 1. Actual measurements of the diffractive ISS of PSR B1937at21L4 GHz
by Cordes et al. (1990) showed a scale of 17800 km. This caot@ared with the 7200 km which was
extrapolated over a factor of 2300:1 from the DM variatioFise difference suggests an exponent slightly
steeper than the fitted value of 1.66 — perhaps due to the effaa inner scale.

As is well known diffractive ISS is a narrow band process, ahhis characterized by the frequency
difference for a 50% decorrelation in the IS®{). There are also refractive interstellar scintillatioR$3S)
which occur on time-scales of days to months, correspontdirsgales in the medium on the size of the
scattering disk, which are typically correlated over a 2ahdbwidth. The latter have rms amplitudes of
1%-20% and will not be discussed further.

Temporal and Angular Broadening

Interstellar pulse broadening is also due to diffractiome Extra path length for a wave component de-
flected by the screen through an anglecauses a time delay = 2.02?/(2c) wherez, = Ls(1 — s)
with s as the pulsar-screen distance as a fraction of the pulstir-@iatance. The pulse broadening is also

related to the narrow band diffractive ISS, having a charistic decay time; ~ (276v4)~*. The scat-

tered pulse shape is related directly to the angular stagtspectrum B(6,, 3)) asP(t) = 02” B0, =

v/ (2ct/z.), B)df, whereg is the “azimuth” off. In almost all discussions of this pulse broadening the
scattering has been assumed to be isotropic making theegration unimportant. Figure 1 shows a simple
calculation of the effect of anisotropy using an ellipti€dussian angular scattering function with axial
ratio A = 1,2,4,8. As is well-known, the circularly symmetric casd & 1) maps the Gaussian bright-
ness distribution to a one-sided exponential pulse shapiehvis a straight line on the Igginear scale.

As A increases, the far-out pulse decay becomes slower (due tat#harrival of waves scattered in the
wide direction). Thus high dynamic range measurementseoétiattered pulse shape can be influenced by
anisotropy in the scattering.

Pulse Broadening as a Probe of Interstellar Scattering

The effect of anisotropy is a serious complication in theriptetation of the detailed form of the far-out
pulse decay, as a probe for an inner scale in the scatter@sgal. Figure 2 shows observations by Rickett
et al. (2005) of the pulse decay at 660 MHz from PSR J1644-#4Sefwed at Parkes for an hour using
1024 channels over a bandwidth of 32 MHz). The data were fiiied theoretical model withsotropic
Kolmogorov scattering with an inner scale from either asorn left) or an extended medium (on right).
The model was fitted to the pulse decay (from the thin dottegl dinwards) to avoid the influence of the
intrinsic pulse shape. The fitted parameters were the diffiatime constant, the inner scale and the off-
pulse level of the received power. The solid lines are the fitelsolmogorov spectrum models; the error
bars show the observed pulse relative to the base levelhwhés estimated independently for the two
models. The dotted line is for a large inner scale (expoaktdicay) and the dashed line is for a small inner
scale(simple Kolmogorov) model with the fitted time consdaifhe fact that the observations lie between
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Fig.1 (a) Left: Pulse shape due to screen with elliptical Gaussian Scdtbeightness functions. Vertical
scale is natural log of scattered pulse response. Axialgdti= 1, 2, 4, & 8 (from lowest to highest curve).
(b) Right: Pulse shape due to two screens with orthogonal scatteiiipgesd of axial ratios as listed; the
configuration is constrained so that the apparent scatieragk is circular.

PSR J1644-4559 @ 660 MHz: screen model PSR J1644—4559 @ 660 MHz: extended medium model
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Fig.2 Natural log of the observed pulse profile averaged over 32 Mélr 660 MHz; screen (left) and
extended medium (right) model fits are overplotted. Parksgivations by Rickett et al. (2005).

these two extremes allows us to estimate the inner scalee3tireated inner scale & + 5 km for the
extended scattering medium, while it(isd0 + 12),/s(1 — s) km for a screen at fractional distanee

We saw in Figure la that the effect of anisotropy in a scre¢a tause a slower pulse decay at late
times (curving upwards relative to the straight line). Tgbthis calculation was for a very large inner scale
(Gaussian scattered brightness), we expect a similartdffethe Kolmogorov models. An unknown axial
ratio would cause a degeneracy in the fit and so the quoted scaée results become lower bounds if the
axial ratio is larger than 1.5.

We do not have a theoretical pulse shape for an extended medih anisotropic scattering. Of course
such a model would also have to specify how the orientatidgh@fnajor axis of the scattering varies with
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distance. As a simple test of the physical ideas involvedcamaputed the pulse shape due to scattering
in two orthogonal elliptical Gaussian screens (see Figb)e The screens are at 0.2 and 0.8 of the pulsar
distance and their scattering ellipses had equal axiagsatith their angles of scattering constrained so
that the overall scattered image appears to be circulahéoobserver. The point of interest here is that the
pulse shape, which would be exponential for a single cird@kussian screen, has a slower late-time decay
as the axial ratio increases. This is because angular bmoagand temporal broadening have differing
weighting functions versus distance. Screens near thapds’e a bigger effect on the pulse decay than on
the apparent scattering angle and vice versa. We antidipatteome traces of this behaviour would be seen
in the pulse shape from an extended distribution of randarignted scattering ellipses. The equations
used are:

P(t) = // B1(0s1)B2(0s2)0[t — 7(0s1,0s2)]d0s1dOs2 , 2
where
7(031, 032) = [(L — 21)22951 + ZQ(L — 21)952 =+ 22’2(L — 21)0310;2]/(20L) . (3)
Herez; andz, are the distances from each screen to the observer whicldgiore=Lb are).2 7 and0.8 L.

2 DYNAMIC SPECTRA, SECONDARY SPECTRA AND ARCS

The usual display of diffractive ISS is the dynamic spectr@s in Figure 3) which plots pulse intensity
versus frequency and time. The intensity is usually esohéitom the area of average pulse profiles ob-
served in a channel bandwidih integrated for timét. A striking feature of such plots is that the intensity
is deeply modulated in frequencyy(;) as well as in timedt,). The condition to see the ISS is evidently that
the channel bandwidth is narrower than the characterisititibation bandwidthyr, and alsadt < dt4. In
contrast, the condition to see pulse broadening is thatake ime resolution- (26v)~! is smaller than
the pulse decay time;, or equivalently the observed channel bandwidth includasynmdependent scintles
(if dispersion is removed coherently then one needs mainadiive scintles across the total bandwidth).

The left panel of Figure 3 shows the primary dynamic specti@ne can recognize the characteristic
widths (v4 x dt4), but with sufficiently fine resolutions one can also seessetross patterned substructure.
The right panel shows its Fourier power spectrum (secorgfagtrum) plotted logarithmically versus delay
f(us) and frequency, (MHz). The parabolic arcs (first discovered by StinebringleR001) extend well
beyondr, in delay. The relationships between the scattered pulggesisaattered brightness distribution,
primary dynamic spectrum and secondary spectrum are sumedan Figure 4, which also illustrates how
these quantities are related to the generalized second mahthe received electric field¢p (o, iv)).
Note that the sum o, over f; gives the auto-correlatiori(p (5t)) of the scattered pulse shape.

However, the relationships in Figure 4 do not explain thesats/of the parabolic arcs, which is due to
interference of pairs of components in the scattered gt aP,; andf,. (see Stinebring et al. 2001,
Cordes et al. 2006; Walker et al. 2004). The components hiffeeidg delays and differing Doppler shifts
due to their changing path lengths. While the delay depend$he square of the angles.§?/2c), the
difference in Doppler shifts depends linearly on the anglesng f; = V - (051 — 6s2)/()\), whereV is
the “scintillation velocity” relative to the medium. Thekeear and quadratic dependencies give a general
guadratic relation betweef) and f,.

In the special case that one of the angles is close to zer@ane= (6,21, 0s,1), the quadratic be-
comes a parabolg, = af? + b, wherea = z.A\?/(2¢V?). If V is along thez-axis b o« 62,; which
is positive, and hencé, falls to zero outside the primary art, = af?. Moreover in such a case,
any point (f,, f;) inside that arc can be mapped to the scattered brightnessbdtion B(6;, 3), as
0s = /(2cfu/ze) = (A V)\/fo/a andcos8 = fi\/a/f,. Thus we have the remarkable result that
an observation of the secondary spectrum with a single aatean be mapped to the two dimensional
scattered brightness (though since ordy 5 is determined points at 3 are superimposed).

The mapping is such that is greatest for waves from nedr= 0 or 7, which brightens the outer edge
of the arc. It also means that thin bright arcs occur when ¢hétexing is anisotropic and aligned with the
velocity. In Figure 3 the most prominent arc is quite narr@nfalue to anisotropy, while the arc that lies
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Fig.3 Left: Dynamic spectrum of PSR B1133+16 recorded by Stinebringratibo on modified Julian
Date 53224, the darkness of the grayscale is linear in iittefi&ght : The secondary spectrumiy) of the
data on the left (its 2-D Fourier power spectrum). The gralesis logarithmic (dB) as shown in the tablet,
revealing remarkable fine parabolic arcs visible out toyfelauch larger tham,, which is the width in
delay of the dark region near the origin and can also be esifras(2mv4) .
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Fig.5 Simulated primary and secondary spectrum for a Kolmogooogen in intermediate scintillation.
Left: Axial ratio = 1.0;Right: Axial ratio 4:1. The strength of scintillation as charaized by the variance
calculated assuming weak scintillation (ie the Born moded$ 10.
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Fig.6 408 MHz Secondary spectrum from PSR B1929+10 observed atll&#hnk 1985 June 21. The
slopes are caused by refraction which also shifts the apthegfarabola.

outside it has a filled interior, suggesting a more isotrggittering at its distance (presumably nearer to
the pulsar).

The special case of a strong undeviated component arislgiin weak scintillation, where there is
an essentially unscattered “core” that interferes withsitesttered waves. The other case is in strong scin-
tillation from a medium with a power law spectrum (like thelmgorov spectrum); then waves within the
half-power width of the ensemble averaged scattered mégistact as the core and interfere with an effec-
tive “halo” of waves from much higher angles. The mappingedbgd above is robust in weak scintillation
but only applies in strong scintillation under conditiohattapproach an ensemble average, and then the
effective resolution is set by the scattered core. Thisgsrdit from the inversion technique of Walker and
Stinebring (2005), who attempt to estima@eaunder snapshot conditions.

Cordes et al. (2006) describe the theory of arcs under asfimpteak and strong scintillation; they
also present simulations for some intermediate caseshwdrne reproduced in Figure 5. Both left and
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right panels are for Kolmogorov spectra with the same strenf scintillation, but the left is isotropic
and the right is anisotropic with an axial ratio 4:1 aligneithvwider angular scattering along the velocity.
These verify that arcs can be seen at intermediate streafjfieintillation and are enhanced when there is
anisotropy aligned with the velocity.

Figure 6 illustrates the arc phenomenon for a case in whiehdimamic spectrum (on left) shows
pronounced sloping features. The sloping features arealuefriaction by a gradient in electron column
density, that shifts the scattered image through an angle9, but as is discussed in Cordes et al. (2006)
the direction for a minimum group delay.() is at—@,.. The observable consequence is that while the arc
is brighter for postive Doppler, its apex is at negative Dlepp

3 SUMMARY

| have reviewed some of the basics of interstellar disparaia scattering and the influence of anisotropic
scattering. Anisotropy causes the scattered pulse shdmeait times to decay more slowly than its initial
rate of decay. This is seen as a convex curve when plottedgiliniear scales. The effect complicates
attempts to use the shape of the far-out decay to estimatemangcale to the standard Kolmogorov model
for the interstellar density.

| also reviewed the basic cause of parabolic arcs in the siecgspectrum plotted versus the differential
delay and the differential Doppler shift between two comguus of the scattered angular spectrum. The
special case in which one of the components follows a nettdight path leads to the parabolic form often
observed. That special condition occurs directly in wedkti#lation, and approximately applies under
strong scintillation. Anisotropy enhances the visibildf arcs. Plasma refraction shifts the direction for
maximum brightness in the opposite direction to that forimimm delay.
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