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ABSTRACT 

An episode of exceptionally prominent double imagining of the pulsar PSR 1237 + 25 caused by refraction in 
the interstellar medium has been detected with the Arecibo telescope at 430 MHz and used to resolve the pulsar 
magnetosphere for the first time. Multiple imaging causes quasi-periodic modulation of the pulsar intensity in 
time and frequency that represents the fringe pattern of an “interstellar interferometer” with a baseline of the 
order of 1 AU. Assuming that refraction occurred midway between the pulsar and the observer, the separation 
of images of PSR 1237 + 25 was - 3.3 mas and the effective baseline of our interferometer was ~ 1 AU 
corresponding to an angular resolution of ~ 1 micro-arcsec. From the detected fringe phase shift across the 
pulse profile of PSR 1237 + 25, we have estimated a typical transverse separation between the emitting regions to 
be - 108 cm. This estimate depends on the assumed distance to the refracting region and may be much smaller. 
We show that the observed fringe shifts and their dependence on pulse phase are inconsistent with a simple 
magnetic dipole model of pulsar emission. 
Subject headings: interstellar: matter — interferometry — pulsars 

I. INTRODUCTION 

Recent observations have shown that refraction can signifi- 
cantly modify the interstellar scintillation (ISS) patterns 
arising from diffractive scatter of pulsar signals propagating 
through the interstellar medium (Roberts and Abies 1982; 
Hewish, Wolszczan, and Graham 1985; Cordes and Wolszczan 
1986) . Refraction effects also underlie at least part of the 
low-frequency variability of pulsars and compact extragalactic 
radio sources (e.g., Rickett, Coles, and Bourgois 1984; Rickett 
1986; Romani, Narayan, and Blandford 1986). In their most 
dramatic form, refraction from discrete structures in the inter- 
stellar medium yields caustics that appear as intensity spikes 
and are superposed with an intensity trough (Fiedler et al. 
1987) . 

Strong refraction events can split the apparent source image 
into two or more distinct subimages. For pulsars, the resultant 
dynamic spectra (intensity as a function of time and frequency) 
are the superposition of separate patterns from each subimage 
combined with oscillatory cross terms caused by beating 
between subimages (Cordes and Wolszczan 1986). The oscilla- 
tory terms are equivalent to fringes obtained with an inter- 
ferometer basehne ~ 1 AU, sufficiently large to potentially 
resolve the pulsar magnetosphere (Cordes, Pidwerbetsky, and 
Lovelace 1986). Episodes of refractive multiple imaging may 
lead to higher spatial resolution than diffractive scintillations 
alone, because fringe spacings are often substantially less than 
the widths of diffraction features. Previous attempts to resolve 
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the magnetosphere using diffractive scintillations have pro- 
vided upper limits on the separations of pulsar emission 
regions (Cordes, Weisberg, and Boriakoff 1983). 

In this Letter, we report an exceptionally prominent multi- 
ple imaging event of the pulsar PSR 1237 + 25, most probably 
caused by a discrete structure located significantly nearer the 
pulsar than Earth. From an analysis of dynamic spectra, we 
demonstrate that the transverse separations of emission re- 
gions in the pulsar magnetosphere are large enough to be 
resolved by the “interstellar interferometer.” We discuss the 
implications of our results for models of the pulsar magneto- 
sphere. We also suggest that the refracting structure is similar 
in kind to those that cause dramatic focusing effects in the 
light curves of compact extragalactic radio sources (Fiedler 
et al. 1987). 

II. OBSERVATIONS 

Measurements of dynamic spectra of PSR 1237 + 25 were 
made on 1986 December 9, 22, and 28 at 430 MHz with the 
Arecibo radiotelescope and the three-level, 40 MHz correla- 
tion spectrometer. The 512 lag autocorrelation functions of 
the two circularly polarized input signals were integrated in 
128 pulse phase bins for 10 s, synchronously with the 
Doppler-corrected pulsar period. Each set of 2 X 128 in- 
tegrated correlation functions was then written to a magnetic 
tape for further processing. The total observing time per day 
varied from 30 to 40 minutes. “Off-line” processing included 
correction of the correlation functions for three-level sam- 
pling followed by the computation of spectra integrated over 

L35 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8 

7A
pJ

. 
. .

32
 O

L.
 .3

5W
 

L36 WOLSZCZAN AND CORDES Vol. 320 

a predefined “on-pulse” window and normalized with respect 
to the spectra accumulated in “off-pulse” phase bins. The 
normalized 10 MHz spectra had a resolution of 19.5 kHz, and 
the effective time interval between spectra, which included the 
integration and the tape I/O time, was 19 s. Phase bins were 
separated by 11 ms or 2?8 of longitude (where 360° of 
longitude corresponds to one pulse period). With this resolu- 
tion, the pulse waveform of width ~ 18° was resolved al- 
though the five individual pulse components (e.g., Backer 
1970), separated by about 3°, were unresolved. 

III. DYNAMIC SPECTRA 

In Figure \a (Plate L2), we show dynamic spectra obtained 
by integrating over the entire pulse window (to obtain the 
best signal-to-noise ratio). They display a strikingly periodic 
intensity modulation as a function of time and frequency for 
the first two epochs. On December 28, however, broad 
amorphous features are dominant. 

We are convinced that all modulations are caused by 
propagation in the interstellar medium, rather than being 
instrumental in origin or intrinsic to the pulsar. First of all, 
the spectra of the pulsar PSR 1133 + 16 taken on the same 
days with identical observing parameters appeared similar to 
those obtained at previous times (e.g., Hewish, Wolszczan, 
and Graham 1985; Cordes, Weisberg, and Boriakoff 1983; 
Cordes and Wolszczan 1986) and were markedly different 
from the spectra of PSR 1237 + 25. Moreover, the dynamic 
spectrum of December 28 is typical of those observed while 
monitoring PSR 1237 + 25 over the course of a year (unpub- 
lished data). Finally, similar but less dramatic oscillations are 
seen at some epochs for other objects and have parameters 
that scale strongly with radio frequency and with pulsar 
distance, as is expected, if they are due to propagation through 
a cold turbulent plasma. 

A simple model suffices to explain the scintillation features 
seen in dynamic spectra (Cordes and Wolszczan 1986 and 
references therein). Recent work suggests that refraction from 
discrete structures in the interstellar medium may dominate 
refraction from distributed turbulence, so a thin screen model 
may be appropriate. Therefore, our model consists of a thin 
screen in which refractive phase variations <f>r (defined as 
those produced on length scales larger than the Fresnel scale 
[\Ds(l - Ds/D)]l/1, where X is the wavelength, D is the 
distance from Earth to the pulsar, and Ds is the pulsar-screen 
distance) give rise to a pair of subimages of the pulsar, each of 
which is diffracted by scales smaller than the Fresnel scale 
into an observed size 6d. For simplicity, we assume that 
diffraction arises from electron density fluctuations throughout 
the line of sight, because diffraction effects seem to occur at 
all epochs. Of course, the refracting screen may also contain 
small-scale structure that contributes to the diffraction. Since 
the analysis below is not particularly sensitive to our assump- 
tions about the diffraction, we assume that it is not overly 
modified by the refracting screen. 

In our model, each subimage leads to time and frequency 
structure with characteristic scales « X/2irOdV± and kvd 
« c/tt(D - Ds)8d, where V± is the transverse velocity. The 
intensity of each image is the pulsar intensity times a “gain” 
(magnification) determined by phase curvature (Cordes, 

TABLE 1 
Measured ISS Parameters for PSR 1237 + 25 

Date Pv Pt 0d 0spllt 
(1986) (kHz) (s) (kHz) (s) (mas) (mas) 

Dec 9  442 146 313 1380 1.0 3.3 
Dec 22  615 260 667 1260 0.8 2.2 
Dec 28  817 244   0.7 

Pidwerbetsky, and Lovelace 1986, eq. [12]). The net dynamic 
spectrum is the incoherent sum of two independent dynamic 
spectra combined with an oscillating cross term whose phase 
O is simply due to the geometrical path length difference 
between the two subimages. The oscillation period in 
frequency, Pv = 27r/\d<!>/dv\, is 

lcD 

p*= ïdXd - dMo¡ - ef) 

* 0.28[ Ds (kpc) (1 - Ds/D)(0Í - ■' MHz, (1) 

where 6l 2 are the refraction angles (at the screen) of the two 
images. A similar period, Pt along the time axis, may also be 
derived (Cordes and Wolszczan 1986), but we are not con- 
cerned with it here. 

To quantify the structure in the dynamic spectra we per- 
formed several correlation and power spectrum analyses, as 
discussed in Cordes and Wolszczan (1986). In Table 1 we give 
empirical parameters such as the diffraction bandwidth Avd, 
diffraction time scale oscillation periods Pv and Pt and 
derived angles, 6d « (c/nDhvd)

l/1 (the diffraction angle), 
and the splitting angle 0split = (02

2 - 02)1/2 estimated from 
Pv, assuming a pulsar distance of 0.33 kpc (Manchester and 
Taylor 1981). We have assumed Ds = D/2 to obtain values 
for the table. 

Figure lb shows two-dimensional fluctuation spectra of the 
ISS patterns of Figure la. Coordinate axes are fluctuation 
frequencies that are reciprocals to the periods Pv and Pr The 
fluctuation spectra are inversion symmetric about the origin. 
Peaks in the spectra near the origin are due to the diffractive 
scintillations and are always expected to appear, while “out- 
rider” components associated with beating between sub- 
images are ephemeral. Distance from the origin of outriders 
increases with larger image splitting angles. For both Decem- 
ber 9 and December 22, the source image is predominantly 
double, although on the latter date the image may also 
contain two additional subimages. 

The entire episode of refractive imaging certainly lasted 
longer than our observing period of T = 19 days. Since the 
transverse velocity of PSR 1237 + 25, V± « 178 km s-1 (Lyne, 
Anderson, and Salter 1982), must dominate the net drift 
velocity of the ISS pattern of this pulsar, we can derive a 
lower limit to the spatial scale of the observed refractive 
process, V±T = 3 X 1013 cm, which is within the range of 
scale sizes assumed to cause refractive scintillation phenom- 
ena (Rickett 1986). 
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PLATE L2 
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Fig. 1.—(ö) Dynamic spectra of PSR 1237 + 25 at three epochs and (b) their two-dimensional fluctuation spectra. Blank lines in the dynamic spectra 
denote the data rejected due to interference. 

Wolszczan AND Cordes (see 320, L36) 
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No. 1,1987 INTERSTELLAR INTERFEROMETRY OF PSR 1237 + 25 L37 

Fig. 2.—(a) Integrated pulse profiles of PSR 1237 + 25 obtained on December 9 (so/id line) and December 22 (dashed line), (h) Fringe phases 
measured with respect to the phase at the leading edge of the pulse profile for dynamic spectra of December 9 (filled circles) and December 22 (open 
circles). The December 22 phases are scaled and shifted in longitude as explained in the text. 

IV. RESOLVING THE PULSAR MAGNETOSPHERE 

As with any interference pattern, transverse displacement 
of a radio source by a distance induces a phase shift. For 
our one-dimensional model, the phase shift is given by 

S<t> = kSxs(l - Ds/D)l(G2 - 1)02 - (Gi - 1)0+ (2) 

where k = Itt/X and Gl 2 are the gains associated with the 
two images. Equation (2) improves on the approximate ex- 
pression given by equation (76) of Cordes, Pidwerbetsky, and 
Lovelace (1986). Gain variations as large as 100% are caused 
by refraction in the interstellar medium (e.g., Coles et al. 
1987), Unfortunately, we are unable to determine the gains 
Gl 2 directly from our data. Therefore we approximate the 
bracketed term as - df)l/2, where ? * 1, and obtain 

8<¡> « 0.053f^GHz 

8xv 

108 cm 

D/Ds - 1 

D (kpc) Pv (MHz) 

1/2 
rad. 

(3) 

This phase shift will also be measured between the oscillation 
patterns seen from two radio sources separated by dis- 
tance 8xs. 

For the case of pulsars, from which relativistically beamed 
radiation is clearly controlled by an ambient magnetic field, it 
is likely that different pulse components are emitted from 
locations that are separated in the transverse direction (e.g., 
Fig. 5 of Cordes, Weisberg, and Boriakoff 1983). Conse- 
quently, we measured the fringe phase at different pulse 
longitudes to see if the pulsar magnetosphere had, in fact, 
been resolved during the multiple imaging event. Dynamic 
spectra were computed for 13 longitude bins within the pulse 
profile (Fig. 2a) using the data taken on December 9 and 22. 
The fringe phase difference was calculated by using the pulse 
longitude bin at the leading edge of the pulse as a reference. 
By cross correlating dynamic spectra for each longitude bin 
with those of the reference bin, we calculated the fringe phase 
as a function of pulse longitude. Figure 3 shows a representa- 
tive cross correlation function in which the offset from zero 
lag is evident. 

We combined the results from the two epochs showing 
oscillations according to the following considerations. The 
observed fringe displacement is proportional to P“1/2. There- 
fore, if phase shifts derived from dynamic spectra having two 
different modulation periods p* and Pv2 (at two epochs) are 
to be compared, a scaling factor (PV2/Pvi)

l/2 must applied 
to one set of phases. A composite phase difference curve with 
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Fig. 3. A frequency cross-correlation function (CCF) of the dynamic spectra measured at the opposite edges of the pulse profile (solid line) and a 
parabolic least-squares fit to the CCF (dashed line) used to determine the fringe phase shift. 

äppropriately scaled 22 December phases is shown in Figure 
2¿>. In order to align pulse profiles, the December 22 profile 
has been shifted by 0?7 toward earlier longitudes. 

The fringe phase varies smoothly over the pulse profile and 
is clearly antisymmetric about the profile center. The phase 
variations significantly exceed experimental errors and the 
fringe phases from the two epochs agree with each other 
extremely well. This not only adds to the reliability of our 
analysis but it also confirms the validity of the assumed model 
of refractive scintillation, via the scaling of the fringe phases 
as P~l/1. The fringe phases computed separately for the two 
hands of circular polarization also agree within the errors. 
Moreover, fringe phases of another pulsar, PSR 0940 + 16, 
which has a similar dispersion measure to that of 1237 + 25, 
showed no variation with pulse longitude during an epoch of 
weak oscillations in the dynamic spectra. These results pro- 
vide additional evidence that the fringe phase variations are 
determined by interstellar path length differences rather than 
being induced by instrumental effects. 

With equation (3) the fringe phase may be used to estimate 
the spatial separation of the emission regions, as indicated on 
the right hand side of Figure 2b. The derived transverse 
separations vary between 7 X 107 and 6 X 108 cm (if the 
refracting screen is midway between Earth and pulsar). These 
separations are less than 10% of the light cylinder radius 
rre = cP/Itt = 1098 cm, where P is the pulsar period. To 
our knowledge, this is the first direct measurement of the 
spatial separation between the emission regions of a pulsar. 

v. DISCUSSION 

Our measurements indicate that the emission regions for 
PSR 1237 + 25 were resolved by the interference patterns seen 

in 1986 December. Assuming strong relativistic beaming from 
particles with Lorentz factors y > 100 (e.g., Cheng and 
Ruderman 1979), we may conclude that pulse longitudes 
having the same fringe phase are emitted from the same 
angular position on the sky. Varying fringe phase shifts then 
indicate different angular positions which, in turn, imply 
differences in the product 8xs[(D/Ds - 1)/D] as a function 
of pulse longitude. 

For a specific model of the magnetosphere, it is possible to 
relate to the altitude of emission. Assuming a dipolar 
magnetic field and emission at a constant altitude rem, 8xs ~ 

where ÿ is pulse longitude measured with respect to 
the pulse centroid, which corresponds to coplanarity of the 
line of sight, the dipole axis, and the spin axis of the pulsar; 
this expression holds so long as rem <^c rLC (e.g., Fig. 5 of 
Cordes, Weisberg and Boriakoff 1983). Using this model, we 
predict that the fringe phase should be antisymmetric with 
respect to i// = 0 and that it should vary monotonically. The 
measured fringe phase is asymmetric but is nonmonotonic. 
Moreover, the typical fringe phase difference of 0.2 rad im- 
plies (using parameters for PSR 1237 + 25) 

'lc ~ >Hdeg)( D/Ds - 1)1/2 ' 

For \¡/ « 7°, emission altitudes equal to the light cylinder 
radius are implied for a refracting screen that is midway, 
D = 2DS. 

Since arguments can be made on the basis of pulse shapes 
and polarization that emission altitudes are likely to be much 
smaller than the light cylinder radius, it may be necessary to 
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conclude that the refracting screen is much nearer the pulsar 
than Earth, D Ds. For example, rem = 0.1rLC requires the 
screen distance from the pulsar to be only 1% of the pulsar- 
Earth distance, or about 3 pc. Alternatively, the magnetic field 
of PSR 1237 + 25 may deviate strongly from a dipolar form in 
the emission region and emission altitudes may vary such that 
transverse separations are much larger for a given pulse 
longitude than implied by the dipole model. This latter inter- 
pretation would also be consistent with the fact that the fringe 
phase vs. pulse longitude disagrees with a simple dipole 
model. We will leave it to future work, including ISS measure- 
ments with better pulse longitude resolution and further mod- 
eling, to interpret the fringe phase curve. We anticipate that 
polarization measurements, which are also sensitive to the 
magnetic field topology, will aid in the modeling. 

In addition to resolving the pulsar magnetosphere, our 
measurements suggest that a discrete refracting structure of 
size > 1 AU crossed the line of sight, producing a predomi- 
nantly double image of the pulsar with a splitting angle 
between subimages of about 2.3(1 — Ds/D)~l/1 mas at 0.43 
GHz. This episode may be similar in origin to recent caustic 
events seen in the light curves of compact extragalactic radio 
sources (Fiedler et al 1987), which suggest double imaging 
with splitting angles of a few mas at 2.7 GHz caused by a 
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discrete galactic structure. These have been interpreted 
(Romani, Blandford, and Cordes 1987) as sheetlike structures 
with an aspect ratio - 100, whereby edge-on events are 
associated with the extragalactic source events, and face-on 
events underlie oscillation episodes seen in pulsar dynamic 
spectra. The event seen here for PSR 1237 + 25 is described by 
a splitting angle consistent with a face-on event so long as 
there is structure across the sheet of order the sheet thickness, 
which would be at least a few AU. It is also possible that the 
ISM is filled with refracting structures of a wide variety of 
shapes and sizes. Clearly, much more work is needed to 
constrain the distribution of refracting structures. 
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