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How does turbulence in the ISM aftect pulsar observations,
and what can we learn about 1t from pulsar observations?
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All pulsar observations must be corrected tor the etftects of
propagation through the interstellar plasma (IISM).

So all pulsar observations must include a measurement of the
IISM and these can be used to study the IISM.

What can we learn about the IISM? It 1s undoubtedly turbulent
and we would like to know:
-the scales at which energy 1s introduced and dissipated

-the relation to galactic structure and magnetic field

-the character of the micro-structure (1sotropy, homogeneity)
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Primary Observables

All pulsar observations are made with spectrometers, because
the group delay T, due to the IISM 1s large and dispersive. It 1s
T, =DM /2.41x104 v2 where DM 1is the path-integrated
electron density (pc cm -3). T, must be measured accurately and
corrected.

The spectrometer provides a “dynamic spectrum” of apparent
flux vs time and frequency. The intensity fluctuates due to
scattering due to electron density fluctuations in the IISM.
These intensity “scintillations” have a characteristic time scale
Taitr and frequency scale vaitr. They also change Ty



The IISM 1s turbulent, so the DM varies with both position and time
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A typical PTA pulsar would look like this if we could observe from 700 MHz to 3 GHz
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We can use the DM(t) and t4iff measurements (You et al., 2006)
to estimate the power spectrum of the turbulence in the
direction of a single pulsar, avoiding the problem of combining
observations of many pulsars.

However the natural statistic to estimate 1s not the power
spectrum but the structure function D(t). This statistic 1s
almost an inverse of the power spectrum. It provides a
distribution of energy vs time scale, rather than vs frequency.

A turbulent power spectrum is P(f) « {-33 whereas the
corresponding structure function is D(t) o 173
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However for 2 of 20 i
PPTA pulsars the i _
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and here.
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The non-Kolmogorov cases are extremely interesting because:

-they would be the first observation indicating dissipation at
such a large scale,

-such turbulence would scatter cosmic rays ditferently,

-such spectra might imply an Altvenic band-gap due to 10n-
neutral collisions, i1f so 1t would be the first confirmation that
this mechanism actually exists,

-1f a bandgap exists, it implies that the turbulence 1s Altvenic,
and 1t provides a method for studying the turbulent cascade!

This 1s a very promising area for future research!
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The questions of homogeneity and isotropy have come 1nto
question as a result of the new analysis technique discovered
by Dan Stinebring called the secondary spectrum which often
displays parabolic arcs

This technique requires a high signal to noise ratio and best
results have been obtained at Arecibo. FAST would be 1deal.

Parabolic arcs, which are common, can only be observed when
the turbulence 1s highly anisotropic, but methods for estimating
the degree of anisotropy are still under development. The
problem 1s complicated by increasing evidence that strong
inhomogeneity 1s also common.




Dynamic Spectrum of B0834+06 at 327 MHz Secondary Spectrum
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The parabolic arc in the secondary spectrum is the eigenfunction of forward scattering
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Radio Source
width of region probed

An incident wave is
scattered into an angular v
spectrum of plane waves
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Each wave in the angular W—’ Velocity V

spectrum is seen by the

observer with a certain angular spectrum of plane waves
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Reconstructed Image

This type of image reconstruction
is possible with a single telescope
when the scattering is highly
anisotropic, provided the S/N
ratio is high.
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Reconstructed one-dimensional brightness distribution of B0834+06
the width in the perpendicular direction is about 1.3 mas
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clearly the scattering is highly anisotropic and also highly inhomogeneous
i.e. the lISM contains much more fine structure than had been thought
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How can a structure as small as 0.05 AU contribute as much
scattering as the entire 600 pc line of sight?

We model the turbulence on the path L >> Ly as a set of N
independent clouds of size Lo. Each cloud 1s fully developed
turbulence so Variance(ne) = <n.>2- Thus for each cloud

Dpmc (t) = 2(nelo)? (V T/ Lo)>3 for V 1 < Lo
for the entire path the cloud variances add giving
Dpwm (‘l?) — 2(neLo)2 (L/L()) (V T/ Lo)s/ 3
= 2<DM>2 (Lo/L) (V Tt/ Lo)>3

This model predicts Dpm (t=1000d) = 5x10-¢ for J1939+2134,
just as observed.




So we understand why the DM fluctuations observed are so
much smaller than <DM>, it 1s partly because of incoherent
averaging of 1 pc clouds along the line of sight, and partly
because V Togs << Lo

However a tiny blob of size Lp << Lo would have
DpMs (‘l?) = 2(neBLB)2 (V T/ Ig )5/3

For V t < Lg we have Dpwms (T) = Dpwm (7) 1f
(Neg /Me)= LV2/ Lo 13 Lyl

S0 the 0.05 AU blob seen 1n BO834+06 requires only necg = 6.8 !
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Structures such as this 0.05 AU blob are common 1n Stinebring’s
observations. They may be related to intermittency 1n hydro-
dynamic turbulence.

These blobs could be vortices generated by a sheer instability.
Such 1nstabilities start at small scales and gradually increase in
size and amplitude until the driving sheer goes away. They can
then persist for a very long time.

Even when the velocity dies away the density fluctuation can
persist as “‘tossil turbulence” confined by the magnetic field.




Summary:

There are many features of the IISM now measurable. The PTAs,
existing and those being developed, will greatly improve our
understanding of the IISM and astrophysical plasmas in general.

They may even detect gravitational waves. It 1s a very exciting
time to be studying pulsar timing!




