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Abstract

Turbulence in the interstellar medium (ISM) causes refraction that leads to multipath interference and time and 
frequency modulation observed in the dynamic spectrum of radio pulsars. As the distance over which this interference 
takes place can be considerable (in excess of 1 AU), the resolving power of this phenomenon is much greater than that 
of conventional interferometers, and can be used to precisely study both the ISM and  image the emission region of the 
background pulsar.   Here we discuss our previous results and motivate this technique in the context of future 
instruments such as LOFAR and the SKA. 

1. Introduction

Many pulsars show short-term 100% intensity modulations associated with scattering in AU-sized regions in the 
ISM.  Turbulent ionized gas scatters the pulsar's radiation and the observer sees the intensity variations associated with 
the interference of the waves travelling along the ensemble of paths.  These intensity variations in time t, and frequency 
ν, and pulse phase φ are imprinted on the dynamic spectrum (DS, Figure 1, left) S(ν,t;φ).   

The power spectrum of the DS is the secondary spectrum (SS, Figure 1, right) F(fν,ft;φ) = |FT[S(ν,t;φ)]|2, where 
the delay fν is conjugate to frequency, and the fringe frequency ft is conjugate to time.  Parabolic arcs are observed in 
the secondary spectrum of most nearby, bright pulsars [1].   The parabolic morphology is explained by a geometric 
model [2, 3].  Regions of significant power within the SS identify specific angular separations contributing to the 
scattering.  The central core of the scattered brightness distribution interferes with the wings that extend over much 
larger angles [4].  In the core-wing configuration, the fringe frequency of the arc scales linearly with angular separation 
and the arc's delay scales quadratically in separation and power is concentrated along a parabola, with the location along 
the parabola dependent on the location of scattering within the wing.  Power at larger fringe frequencies and delays 
corresponds to interference between more distant points in the halo, and identify spatial separations much larger than 
those that cause the bulk of the structure in the dynamic spectrum. 

           
Figure 1:  Left: A portion of the dynamic spectrum of B0834+06 from our previous observations at the Green Bank 
Telescope.  The fine criss-cross structure is typical of that seen from nearby pulsars; it signifies scattering into large 
angles, which allow high spatial resolution of the pulsar's magnetosphere.  Right: The secondary spectrum of
B0834+06.  The dashed parabola is the center of the arc.  The dotted parabolas denote the outside of the arc.  The 
narrowness of the arcs is indicative of an anisotropic scattering region or an extended pulsar emission region (see text).  
The arrow points to a dominant arclet that causes some of the fine modulation seen in the DS.  The vertical solid lines 
define the arc cut-off, and set a limit of the source size in the direction parallel to proper motion.   



2. Interstellar Interferometry

The properties of the interference can be used to map the scattering region [2, 3, 5].  Recent observations have 
indicated that the ISM contains structure that is not associated with random turbulent processes.  For many pulsars, in 
addition to the main parabola, inverse arclets are seen in the SS (as indicated by the arrow in Figure 1, right).  The
arclets are formed by interference between discrete structures in the wings and the central core.  The structures 
themselves are thought to be long-lived low-mass structures that change position in the SS as the pulsar-observer line of 
sight changes with respect to the scattering screen [6].  

Additionally, the ISM can be used as an interferometer that can be used to study the background pulsar’s 
emission region, which is useful as the pulsar emission process is only schematically understood [7].  Particles are 
accelerated in regions with large voltage drops (~1012 V) to relativistic energies in the co-rotating plasma surrounding 
the NS, the pulsar magnetosphere.  These particles pair-produce, forming a secondary plasma in which instabilities 
generate the observed coherent radio emission.   This radiation is by necessity relativistically beamed along magnetic 
field lines that guide the particle flow.  As these field lines are curved, each pulse component is beamed from a different 
location, with the amount of separation dependent on the altitude of emission, as seen in Figure 2a-c.  If the pulse 
components are separated significantly relative to the size of the ISM, each pulse component will travel different paths 
in the ISM, as seen in Figure 2d.  As a result, each pulse component will have a different DS.   For example, if emission 
regions for different pulse components are separated, the interference pattern shown in the DS can be offset in time and
frequency.  If the emission region has a large size, separated baselines will not be able to interfere and the arcs in the SS 
will cut off at large fringe frequencies and/or delays [3], analogous to the cut-off in visibilities of conventional ground-
based interferometers.   

Figure 2:  Emission and Scattering Geometries:  Panel a shows a schematic pulse profile, labeling components 1 and 2, 
separated by time w and phase Δθ = w/P, where P is the pulse period.   Panels b and c show the magnetosphere 
geometry when components 1 and 2, respectively, are beamed in the direction of the observer.  The dashed lines show 
the magnetic field lines along which components 1 and 2 are beamed.  As the components are beamed along field lines 
with different curvature, the emitting regions are separated by Δs = rem Δθ /3, where rem is the emission altitude.  Panel d
shows an idealized scenario in which the intervening medium consists of two refractory regions located in a thin screen, 
forming a two-slit interferometer.  Radio waves from these two regions are scattered and interfere at the observer’s 
position.  The intensity is determined by the phase difference between the two paths.  This depends on the observing 
frequency and the path length difference, with the latter changing with time.  Additionally, for offset pulse components, 
the relative phases, hence intensity modulations, will be different.  The observed structures in the DS are caused by 
scattering though more complicated screen geometries that follow the same principle. 

By locating the emission region we can constrain the altitude of emission, and improve our understanding of the 
nature of pulsar emission.  We recently used a full complement of tests to study the emission regions of PSR B0834+06
and PSR B1133+16, observed at the Green Bank Telescope at 327 MHz with 32 MHz bandwidth observed for 5.4 ks



with a baseband recorder [8].   For PSR B0834+06, the scattering conditions afforded us exceptional resolving power, 
and we were able to construct a detailed map of the pulsar magnetosphere.   We estimate that the total emission region 
size is about 2% of the total magnetosphere size, with emission elongated in the direction transverse to proper motion.  
We had a resolving power of 0.5 nanoarcsecond (making this observation one of the highest-resolution observations 
ever) at the observation epoch.    For PSR B1133+16, the scattering conditions (which are highly variable) were poor at 
the observation epoch, and we were only able to set an upper limit on the emission size of < 20 % of the magnetosphere 
size. 

3. Prospects with Future Telescopes

We have just entered the era of precision interstellar interferometry.  Previous programs [i.e., 9, 10, 11, 12] were
limited by sensitivity, and hindered by hardware, computation, and data storage limitations, that lead to studies of small 
portions of pulse phase, small frequency bandwidths, coupled with insufficient frequency resolution and short 
observation times.  As a result, the full dimensionality of the data was not exploited, and parabolic arcs (which require 
both sensitivity as the power of arcs extends to > 60 dB below peak value [5], and high frequency resolution to observe 
to the maximum delay) have only been poorly studied.   With future instruments we expect the situation to improve 
further. 

Recent work has made use of holographic principles to construct maps of the scattering region [5].  The nature of 
the discrete structures that cause the reverse arclets is unknown, as they are too long-lived to be caused by many 
standard processes, and needs to be explored further.   Studying the scattering is important as there is going to be a
time-of-arrival delay caused by scattering in the halo [13] that is going as the properties of the interference change.  
Correcting for this variation may be important for high precision pulsar timing experiments, such as pulsar timing 
arrays that are attempting to detect gravitational waves [14].

To resolve pulsar magnetospheres it is necessary to have both exceptional signal-to-noise and interstellar
conditions that give favorable resolving power.  To satisfy both these conditions with current instruments, this requires 
observing the nearest (and brightest) pulsars at the lowest frequency (as the resolving power ~ ν-4.4).  

More sensitive telescopes such as the SKA will allow for the study of more distant pulsars at higher frequencies.   
Lower frequency instruments like LOFAR will allow us to study emission at lower frequencies and probe the pulsar 
emission mechanism in a different region.  Additionally the new synoptic instruments will allow for more frequent 
monitoring of sources, so that detailed observations can be made when interstellar scattering conditions are the most 
favorable.   
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