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Abstract: I offer a brief and personal history of the development of polarization sensitive observations
with widely separated antennas. The story starts at Jodrell Bank in the late 1960s with a 24 km baseline
radio linked (but not phase stable) interferometer and reaches to the present Event Horizon Telescope
(with global span and independent atomic clocks) which has just published an image of the linearly
polarized radiation surrounding the black hole shadow of M87*. I was privileged to be witness
to many of the developments along the way, either as an instigator, a bystander, or an unindicted
co-conspirator. I am most interested in the technical developments that enabled these increasingly
sophisticated observations, and in the ideas that advanced the data analysis and imaging.
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1. Introduction

This is a story about radio astronomy. It is about the development of Very Long
Baseline Interferometric (VLBI) polarimetry. I think it is accurate, but it is in no way
complete. It is a personal narrative, and true as best as I remember it. It may amuse my
friends and annoy others. I hope students will find it interesting as a glimpse into the
curious world of research and astrophysics they are entering. If there is a lesson to be
learned, it is that just about all the progress in the field has come from technical advances—
in the antennas, the receivers, the backends and the recording media. If I have neglected to
mention your own contribution, I apologize, but not too much; it is not that sort of story,
and it is certainly not an Annual Reviews article.

2. The Beginning, at Jodrell Bank

I will begin in the autumn of 1966, when I became a graduate student at the Jodrell
Bank Observatory of the University of Manchester. Jodrell Bank was best known for
the huge 250 ft diameter fully steerable radio telescope (the Mk I). As fledgling graduate
students, we spent our first year learning the fundamentals of radio astronomy and building
useful things in the electronics lab.

Then, we had to choose a group to join for our Ph.D. research. There were two
groups at Jodrell that I thought were doing the most interesting work. The first was Henry
Palmer’s trail blazing long baseline interferometry group [1–4], who were finding that
some extragalactic radio sources were extraordinarily compact. They were unresolved
even on interferometer baselines over two million wavelengths (127 km, λ = 6 cm), which
meant that their angular size on the sky was smaller than 0.05 arcsec.

The second was Robin Conway’s smaller group that was developing new ways to
measure the linear polarization of radio sources. This gives important information about
their magnetic fields and their environment. In a pair of elegant papers in 1969, he and
Philipp Kronberg laid out the principles of measuring polarization with a two-element
interferometer [5,6]. However, their antennas (the Mk I and Mk II telescopes, see Figure 1)
were only separated by 425 m so most radio sources, though polarized, were unresolved.
On the other hand, the very long baselines used by Henry Palmer’s group resolved many
of the sources but could not measure their polarization.
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Figure 1. (Left), the Jodrell Bank 85′ × 125′ Mk II telescope, with the 250′ Mk I telescope in the background. (Center), two 
25′ telescopes of the Royal Radar Establishment, Malvern, located 127 km south-west of Jodrell Bank. Because of the cur-
vature of the Earth, there were two repeater stations in the radio link between Malvern and Jodrell. (Right), the 85′ × 125′ 
Mk III telescope located 24 km south of Jodrell Bank, at Wardle, Cheshire. 

This seemed to me to be an irresistible challenge—to figure out how to combine the 
angular resolution of a radio-linked (and not phase stable) long baseline interferometer, 
with the methods developed by Conway and Kronberg to measure the linear polarization 
of the radiation. 

So, I joined both groups though I was mostly supervised by Robin Conway, who had 
just returned from a sabbatical year at NRAO. We were assigned time with the 250 ft di-
ameter Mk I telescope (needed because the polarized signals are weak) and the Mk III 
telescope, a light-weight version of the 125 × 85 ft Mk II with a mesh surface [7,8]. The Mk 
III telescope was located on the outskirts of the picturesque village of Wardle, Cheshire. 
(Really—Google it. It is near Nantwich.) I should have recognized that as an omen because 
I have spent most of my working life trying to measure polarization with widely separated 
antennas. It was connected to Jodrell Bank by a radio link. 

Only one paper was published from this experiment. It was on 3C 459, which had a 
clear result and served as proof of principle [9]. The set-up is described briefly in [9] and 
in my Ph.D. thesis (the 4th carbon copy, which has not aged gracefully these past 50 years). 
The Mk III telescope received only right hand circularly polarized radiation (RCP). The 
Mk I received both hands of circular polarization, and we switched between two ports of 
a square hybrid at one-minute intervals, receiving, alternately, left (L) and right (R) circu-
lar polarization, so the output of the correlator switched between RR* and LR* fringes. In 
the absence of instrumental effects (e.g., the leakage between left and right channels, de-
fined in [5] and still known as “D terms”), RR* and LR* are proportional to the Stokes 
combinations I + V and Q–iU. We observed at 610 MHz. 

The 24 km radio link had two channels: UHF (at 465 MHz) carrying the LO signal 
from Jodrell Bank to the Mk III, and a microwave link (at 7.5 GHz) returning the wide 
band astronomical signal back to Jodrell Bank and the correlator. Jodrell Bank and the Mk 
III had line of sight connectivity, but only barely. When a tall truck went over a bridge 
crossing the M6 motorway in Holmes Chapel, the link would be disrupted. 

The radio link-maintained phase stability for several minutes, so we could reference 
the phase of the polarized fringe, ϕp, to that of the parallel hand fringe, ϕu. Even though 
we could not calibrate the absolute phase of either the parallel-hand fringe or the cross-
hand fringe, the phase difference ϕp − ϕu was stable and depended only on sky quantities. 
This permitted long integrations of the polarized fringe, typically between 15 and 30 min. 

With a single baseline, your u-v coverage is restricted to a single ellipse. If you have 
only observed the parallel hand fringes, the best you can do is fit a model to the fringe 

Figure 1. (Left), the Jodrell Bank 85′ × 125′ Mk II telescope, with the 250′ Mk I telescope in the background. (Center),
two 25′ telescopes of the Royal Radar Establishment, Malvern, located 127 km south-west of Jodrell Bank. Because of
the curvature of the Earth, there were two repeater stations in the radio link between Malvern and Jodrell. (Right), the
85′ × 125′ Mk III telescope located 24 km south of Jodrell Bank, at Wardle, Cheshire.

This seemed to me to be an irresistible challenge—to figure out how to combine the
angular resolution of a radio-linked (and not phase stable) long baseline interferometer,
with the methods developed by Conway and Kronberg to measure the linear polarization
of the radiation.

So, I joined both groups though I was mostly supervised by Robin Conway, who
had just returned from a sabbatical year at NRAO. We were assigned time with the 250 ft
diameter Mk I telescope (needed because the polarized signals are weak) and the Mk III
telescope, a light-weight version of the 125 × 85 ft Mk II with a mesh surface [7,8]. The Mk
III telescope was located on the outskirts of the picturesque village of Wardle, Cheshire.
(Really—Google it. It is near Nantwich). I should have recognized that as an omen because
I have spent most of my working life trying to measure polarization with widely separated
antennas. It was connected to Jodrell Bank by a radio link.

Only one paper was published from this experiment. It was on 3C 459, which had a
clear result and served as proof of principle [9]. The set-up is described briefly in [9] and in
my Ph.D. thesis (the 4th carbon copy, which has not aged gracefully these past 50 years).
The Mk III telescope received only right hand circularly polarized radiation (RCP). The
Mk I received both hands of circular polarization, and we switched between two ports
of a square hybrid at one-minute intervals, receiving, alternately, left (L) and right (R)
circular polarization, so the output of the correlator switched between RR* and LR* fringes.
In the absence of instrumental effects (e.g., the leakage between left and right channels,
defined in [5] and still known as “D terms”), RR* and LR* are proportional to the Stokes
combinations I + V and Q–iU. We observed at 610 MHz.

The 24 km radio link had two channels: UHF (at 465 MHz) carrying the LO signal
from Jodrell Bank to the Mk III, and a microwave link (at 7.5 GHz) returning the wide band
astronomical signal back to Jodrell Bank and the correlator. Jodrell Bank and the Mk III had
line of sight connectivity, but only barely. When a tall truck went over a bridge crossing the
M6 motorway in Holmes Chapel, the link would be disrupted.

The radio link-maintained phase stability for several minutes, so we could reference
the phase of the polarized fringe, φp, to that of the parallel hand fringe, φu. Even though
we could not calibrate the absolute phase of either the parallel-hand fringe or the cross-
hand fringe, the phase difference φp − φu was stable and depended only on sky quantities.
This permitted long integrations of the polarized fringe, typically between 15 and 30 min.

With a single baseline, your u-v coverage is restricted to a single ellipse. If you have
only observed the parallel hand fringes, the best you can do is fit a model to the fringe
amplitude as a function of hour-angle and make a model of the unpolarized brightness
distribution of the radio source. If you have also observed the cross-hand fringes you can
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do more. You can calculate the expected phase from your model, φu(model), at each point
on the u-v ellipse. Then, you can estimate the phase of the cross-hand fringe alone as

φp(estimated) ≈ φp − φu + φu(model) (1)

Then, with the cross-hand amplitudes and the estimated phases, you can now model
the polarized brightness distribution of the radio source, including the distribution of the
electric vector position angle (EVPA). Note that the polarized model is independent of the
total intensity model. The leakage (D) term was estimated from observations of 3C147,
which is essentially unpolarized at 610 MHz, and removed from the polarized fringe.

Although the atmosphere was stable enough at 610 MHz, the ionosphere most def-
initely was not. Faraday rotation could swing the EVPAs by several radians in daytime.
The observed polarized fringe phases were corrected with estimates of the ionospheric
Faraday rotation. These were calculated with an accuracy of about 10 degrees from hourly
f0F2 values from an ionosonde (which measures the maximum electron density in the
ionospheric F2 layer) and an ionospheric model appropriate to the geomagnetic latitude of
Jodrell Bank.

The radio source for which this whole setup worked particularly well was the afore-
mentioned N type galaxy 3C 459 (z = 0.022), which had a simple structure. We modeled
it [9] as a double radio source with a separation of 7.5 arcsec. The stronger component was
coincident with the galaxy nucleus and was almost unpolarized. The weaker component
was coincident with a faint optical luminosity visible on the Palomar red plate, and was
strongly polarized at 8.8%. Including higher frequency data, the direction of the magnetic
field appeared to be along the line separating the two components. Today, we would
recognize this as a rather typical core-jet source in an AGN.

In 1974 they completed the LO loop and made the radio link phase stable. It became
one of the six stations of the Multi Telescope Radio Linked Interferometer better known
as MERLIN [10]. Because all the radio links were phase stable, MERLIN could measure
polarization and carry out aperture synthesis, with sub-arcsecond resolution intermediate
between that of the VLA and of intercontinental VLBI.

By 1996, the push to shorter wavelengths had made the Mk III telescope with its mesh
surface no longer useful, and it was dismantled for scrap. Sic transit, etc.

3. The NRAO 3-Element Interferometer

At the end of 1969 I flew TWA (remember them?) to Washington DC, and drove down
to Charlottesville, Virginia, to take up a postdoctoral fellowship at NRAO. As is common,
the agreement was that I should spend half my time on projects connected to the Observa-
tory, and half on whatever I chose. My project for the Observatory was to write software
to calibrate the polarization (i.e., determine the D terms) of the 3-Element Interferometer
located in Green Bank, WVa. I knew how to do that (once I had learned FORTRAN).

The 3-Element Interferometer consisted of three 85′ parabolic dishes, two of which
could be moved to different stations up to a maximum baseline of 2700 m (Figure 2, left).
It observed at frequencies of 2.7 GHz and 8.1 GHz simultaneously, and was built to gain
experience in aperture synthesis for the proposed Very Large Array (VLA), which would
be built over the next few years. There was also a fourth, moveable 45 ft antenna on a
hilltop 35 km from Green Bank and connected by a radio link. That long baseline was used
by Bruce Balick and Bob Brown to discover a very compact radio source at the center of our
Galaxy in the direction of the constellation Sagittarius [11]. That, of course, is now known
as the 4 million solar mass black hole called Sgr A* (pronounced saj-ay-star).
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larization, I could see Margaret Burbidge sitting in the front row getting visibly agitated. 
After a while, she interrupted me and we sorted it out. On my slides showing tables and 
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pletely different. 

In 1980, I was joined at Brandeis by David Roberts, who had just completed a post-
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Figure 2. (Left): the three 85′ antennas of the three-element interferometer in Green Bank, WVa. (Right): the 85′ antenna of
the University of Michigan. All four antennas have the identical engineering design.

Each of the three antenna pairs operated as a two-element interferometer, but there
were important differences compared to the interferometer I used at Jodrell Bank. (1) Each
antenna received both hands of circular polarization without any switching, so four cor-
relations were available on each baseline all the time. This allowed the u-v plane to be
filled properly with the RL* and LR* fringes. (2) The same local oscillator signal was sent
to each antenna, so both the parallel-hand and cross-hand fringes were stable, and their
phases cold be calibrated by observing a source of known position. (3) The antennas had
equatorial mounts, which meant that the dishes rotated with the sky. The D terms are
a property of mainly the antenna feeds, and are fixed in the antenna frame. When the
antenna rotates with the sky, it becomes difficult to separate the polarization due to the
D terms from the polarization of the radio source. It is necessary to have a short list of
unresolved calibration sources, whose polarizations are already known (from other short
baseline or single dish measurements) and are thought to be (or hoped to be) non-variable.
3C 48, 3C 147 and 3C 286 were all used, and 3C 286 has become the default EVPA calibrator
for the VLA and the VLBA. It is compact, strongly polarized, and unlike most compact
sources, its EVPA has held remarkably steady for decades.

The above assumes that the calibrators are unresolved, or nearly so. For global VLBI
at high frequencies this is almost never the case. This means that the D terms must be
determined at the same time as determining the polarized structure of the calibration
source. This is now implemented in the task LPCAL in the NRAO AIPS package [12].

The calibration software was written for the NRAO 3-element interferometer and put
to good use. I do not know how many published images with linear polarization were
produced by this instrument. A check with the SAO/NASA ADS does not reveal any. It
was cumbersome to use because you had to wait for the antennas to be moved several
times to do aperture synthesis. However, it was superb at measuring the properties of
compact sources because it did not matter which configuration the antennas happened to
be in. I used it with Philipp Kronberg to measure the linear polarization of a large number
of extragalactic radio sources [13,14].

The appendix of [13] contains the derivation of, and a simple correction for the bias in
measuring the amplitude of a vector signal in the presence of noise. It is barely original,
but is cast in a form that radio astronomers find useful. The result is that [13] has received
far more citations (614 and counting) than any other paper I have written.

I also initiated a program of monitoring at approximately two monthly intervals the
flux and polarization at two wavelengths (11.1 and 3.8 cm) of all known or suspected
variable extragalactic radio sources as of 1971. There had been extensive monitoring
programs in total intensity, but monitoring the polarization was relatively rare. A notable
exception has been the single dish program at the University of Michigan [15], et seq.,
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whose long-term monitoring of the flux and polarization of a large number of quasars and
AGN has been an important program in its own right and also an invaluable resource to
the VLBI community (see Figure 2, right).

4. Brandeis University

In January 1972, I started at Brandeis University, which is in a suburb of Boston. I
had just grown a beard so that I might look a bit older than my graduate students (the
English system is very fast at both the undergraduate and the graduate levels). This was
wise because it turned out that I was not. My first graduate student was Daniel Altschuler,
who came from Uruguay. We continued the monitoring program with the Green Bank
interferometer till 1975 and then published three papers [16–18]. In those days, the NRAO
computer in Charlottesville was a mainframe IBM 360/50. It took punched cards for input,
and our programs and all our data were in about 5 long boxes containing several thousand
punched cards. I was always terrified of dropping a box on the floor and having to put all
the cards back in correct order. Fortunately, that never happened.

Another feature of the IBM 360/50 will seem unimaginable to students today. Its
“fast” random access memory (RAM) was a matrix of ferrite cores, exploiting magnetic
hysteresis to store ones and zeros. Slower but much more back-up capacity was provided
by magnetic disk stacks, and magnetic tape. The computer in Charlottesville had a total
capacity of only 270 KB of RAM, but we could not even use all of that. During the day,
it was divided into 3 partitions of 90 KB each, and most programs were expected to run
with only 90 KB. At night you could request “large” partition and get 180 KB. This seems
extraordinary when the smallest (solid state) flash drives today have storage capacities of
Gigabytes. The Space Shuttle computers had ferrite core RAM. In the early 1980′s, when
they needed some replacements, NASA discovered that nobody made them anymore.

The first of our three papers was on BL Lac objects, which at the time seemed very
mysterious (were they quasars or galaxies or something else, and were their redshifts
cosmological or something else?). In 1978 I attended the Pittsburgh Conference on BL Lac
objects and talked about their radio properties [19]. When I started to talk about their
polarization, I could see Margaret Burbidge sitting in the front row getting visibly agitated.
After a while, she interrupted me and we sorted it out. On my slides showing tables
and histograms of fractional polarization, I used Robin Conway’s notation of lower case
m for fractional polarization. Of course, to an optical astronomer, m means something
completely different.

In 1980, I was joined at Brandeis by David Roberts, who had just completed a post-
doctoral fellowship at MIT in Bernie Burke’s group. They had been heavily involved in
studying the gravitationally lensed “double quasar” 0957 + 561, with the VLA. On 18 May
1980, they tried to carry out a 600 MHz VLBI experiment observing the double quasar with
an unusual mix of antennas: the Haystack 150′ (normally used for atmospheric research)
together with the Green Bank 140′ antenna in the east, and the Owens Valley 130′ antenna
in the west. While the east–east baselines showed steady fringes, the baselines to California
showed huge phase and fringe rate fluctuations. When they realized they had been observ-
ing during the eruption of Mount St. Helens, it became clear that they were observing large
scale travelling ionospheric disturbances (TIDs) triggered by the volcano [20,21]. Such
large disturbances had not been seen since the days of nuclear testing in Nevada.

Dave Roberts had also worked extensively on Quasat, and other space VLBI projects [22],
and knew a lot about VLBI. I knew something about measuring polarization with inter-
ferometers, so we decided to put these together and attempt polarization observations at
VLBI resolution.

The first successful attempt to do this actually predated our first observations by
several years. This was the observations of the 1665 MHz OH masers in the star-forming
region W3(OH) [23]. The observations were made in 1978 using 6 antennas (Fort Davis,
Green Bank 140′, Haystack, Owens Valley, Vermillion River, Dwingeloo). The data were
collected using the Mk II recording system. All antennas had both left and right polarized
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feeds, and they switched between left and right at 1 s intervals (in synchrony to get Stokes
V, and then with some antennas out of phase to get cross polarized fringes for Stokes Q
and U). OH masers can be strongly circularly polarized as well as linearly polarized, at
levels of several tens of percent. This means that the correction for the leakage D terms
was relatively unimportant, and they decided to neglect it altogether. The complexity
of the experiment was such that it was not actually published till 1988. With the VLBA,
spectral line polarization VLBI observations have become much more feasible, and a good
description of the data reduction techniques can be found in [24].

The first continuum VLBI polarization image was published in 1984 by Cotton et al. [25]
(see Figure 3). The image was of the quasar 3C 454.3 at a wavelength of 13 cm. The obser-
vations were made in 1980, also using the Mk II recording system with its rather limited
bandwidth of 2 MHz. Their array included the NASA Deep Space Network (DSN) an-
tennas at Goldstone and Madrid, together with Haystack, NRAO (140′), Ft. Davis and
Onsala. The Goldstone and Madrid DSN antennas were equipped with dual polarization
feeds; the others had only right circularly polarized feeds. This had two consequences: the
coverage of the u-v plane in polarization was limited to those baselines that included a
DSN antenna, and also that the coverage was asymmetric with respect to conjugate u-v
points. Asymmetric coverage of the u-v plane necessarily causes the ‘dirty beam’ to be
complex, requiring a complex CLEAN. Their image of the polarized radio emission is
shown in Figure 3 (left). Bill Cotton was very busy with a wide range of different projects,
and I am not sure if his group ever published another VLBI polarization image, though he
did publish some very useful papers on how to do it (e.g., [26]).
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Figure 3. The first published polarization images at VLBI resolution. (Left): 3C 454.3 at 2290 MHz [25]. Total intensity
contours with superposed polarization vectors, with length proportional to polarized intensity. (Center, Right): 3C345 at
5 GHz, total intensity and polarized intensity with EVPA tick marks superposed [27].

In 1977, the Mk III recording system became available for VLBI. It could record
28 tracks, each of 2 MHz, for a total bandwidth of up to 56 MHz. This represented a
huge increase in sensitivity, which was just what was needed for measuring polarization.
Additionally, we realized that the problems of measuring polarization with VLBI and
independent local oscillators, was little different in principle from what I did for my Ph.D.
thesis with a radio linked interferometer. Recognizing this, Dave Roberts and I started
submitting observing proposals soon after he arrived at Brandeis. Our first few observing
proposals were not successful. One proposal referee remarked rather sourly that we
appeared to have a secret but would not say what it was. We learned that several other
astronomers had received observing time for similar projects, but had not been able to
produce results. I suspect that one of the reasons for this is that they tried to use AIPS,
designed for the VLA, with all dual polarization receivers and identical antenna mounts,
and certainly not designed (at that time) for polarization sensitive VLBI.

In 1981 we got some observing time with the Mk III system. We used 4 antennas: the
120′ antenna at Haystack, the Greenbank 140′, the VLA, where all 27 antennas were phased
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up to act as a single antenna of equivalent diameter 130 m, and the Owens Valley 130′.
Green Bank and the VLA had both left- and right-hand polarized feeds, while Haystack
and Owens Valley received only left-hand circular polarization. Three of the antennas had
alt-azimuth mounts, but the Green Bank 140′ had an equatorial mount (its 17.5 ft diameter
bearing on the polar axis was, at the time, the biggest ball bearing in the world). The
experiment was successful (see Figure 3, center and right). One reason was that I did not
try and force AIPS to do a job it was not designed for. Instead, I wrote all the calibration
and imaging software ab initio (in FORTRAN) so that it did exactly what we wanted it to
do, including all the diagnostics we needed, and we understood every line of the code.

The Mk III tapes were correlated at Haystack Observatory, which is only 52 km from
Brandeis. It was very useful to be there to help coordinate the changes in procedure
needed to recover the cross-hand fringes. Even though there were atomic clocks at each
antenna to generate the local oscillator signals and to write time markers on the tapes, it
was still necessary to search in both delay and delay rate to find the sweet spot for the
parallel-hand fringe detections. From the size of the search area, the rule of thumb was that
apparent detections with signal to noise ratios < 7 were not reliable. Cross-hand fringes
are generally weaker than parallel hand fringes by a factor of 10–100, and almost never
reach that threshold. The strongest and most strongly polarized sources such as 3C345
and 3C279 could meet the SNR > 7 criterion for the cross-hand fringes, but the majority of
the sources we observed could not. However, because the parallel hands already told us
where to look in delay-delay rate space, the SNR > 7 criterion did not apply. We could use
(and integrate) cross-hand fringes of arbitrarily small SNR. This referencing of cross-hand
fringes to the parallel hands is closely related to what was done with the Mk I–Mk III radio
linked interferometer—see Equation (1). There is one extra component of delay that the
parallel hands cannot determine. This is the station-based delay offsets between the right-
and left-hand signal paths. These are typically a few to a few tens of nanoseconds in the
multiband delay at each antenna, and manifest themselves as a rotation of the measured
EVPA. A single observation of a strongly polarized calibration source of known EVPA
(invariably 3C 286) is sufficient to determine all the delay offsets. This is all explained with
great clarity in Leslie Brown’s Ph.D. dissertation and in [28].

There were some features of the imaging and CLEAN routines that may be of interest.
With only 4 or 5 antennas, the u-v coverage is extremely sparse. It seemed unnecessary
and maybe even detrimental to convolve the u-v data onto a square grid. That meant
that we could not use the Fast Fourier Transform to make the dirty image and dirty beam.
However, it did not matter because with so few data, the difference in speed between the
direct Fourier Transform and the Fast Fourier Transform was not very important, and we
avoided introducing any errors from the convolution process. (To be clear, we calculated
Fourier components using the actual u, v values, and added their contributions on a grided
image plane. We calculated the dirty beam the same way).

The CLEAN algorithm was different too. In some imaging software, both the RL* and
LR* correlations are required to be present. If one is absent, the other is flagged and not
used. The VLA, with 351 baselines, can afford to be profligate with its data; we could not.
In the early experiments some antennas were equipped with only one hand of polarization
and would have been flagged out entirely (this was also true of the spectral line VLBI
experiment [23], and of Cotton’s observations of 3C 454.3 [25]). If you do not have the
conjugate data point to a cross-hand correlation, then the coverage of the u-v plane is
asymmetric, and the dirty beam is complex. This then requires a complex CLEAN. There is
no difficulty with this either conceptually or in practical execution, and you are maximizing
the use of your observations.

Graduate students played a huge role in developing the software, making the obser-
vations and analyzing the data at this exciting time. We had a long line of outstanding
graduate students at Brandeis. The ones who helped us develop VLBI polarimetry included
Scott Aaron, Joanne Attridge, Leslie Brown, Tingdong Chen, Teddy Cheung, Wesley Cobb,
Denise Gabuzda, Mark Holdaway, Dan Homan, Ron Kollgaard, George Mollenbrock,
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Roopesh Ojha, Bob Potash, and postdoctoral fellow Tim Cawthorne from Cambridge.
Together, we published about 30 papers in refereed journals, and a similar number in
conference proceedings.

Mark Holdaway’s main project was a study of using polarized entropy for making
images. This had not been done with real data before. It built on definitions of the
entropy of polarized radiation proposed by John Ponsonby at Jodrell Bank [29]. Mark
developed software to make polarized images using maximum entropy methods (MEM).
We wrote a short paper for an IEEE meeting [30], but the bulk of his work is in his Ph.D.
dissertation, available on ADS [31]. MEM tends to be computationally expensive, and
the images depend on the assumed priors. It did not gain much traction until recently,
when it was incorporated into some of the imaging approaches used for the Event Horizon
Telescope [32,33]. Denise Gabuzda’s group has also developed the use of maximum entropy
methods for VLBI polarization imaging [34].

5. The Very Long Baseline Array (VLBA)

This array of ten identical 25 m antennas (all on USA territory—that was a design
requirement) was proposed to the NSF in 1982, and by 1994 all ten antennas had been
built were open for business. It was always intended that the VLBA would be able to
make images in linear polarization, so every antenna had dual polarization feeds at every
wavelength. What was needed was the calibration software to determine the D terms at
each antenna, and this was written by Kari Leppanen, a graduate student from the Helsinki
University of Technology in Finland [12].

The VLBA was and is a superb instrument—a far cry from the early days of Mk III
VLBI, with its ragamuffin collection of antennas only some of which had dual polarization
feeds. Since the antennas in the Mk III network all belonged to different observatories, it
was necessary to negotiate with each one to borrow their antenna for a few days a year (it
had to be the same few days, of course) so that VLBI experiments could be carried out. The
VLBA was like a breath of fresh air. The whole array was available all the time, and you
could do VLBI 24/7. This of course resulted in a huge increase in the number of papers
published based on VLBI observations and greatly expanded the scientific questions you
could ask.

The uniformity of the antennas and the stability of the electronics permitted greater
precision in the calibration of the data. The great increase in availability of observing time
encouraged monitoring programs that imaged both linear polarization and total intensity.
The Brandeis group did this for a few years [35,36], but the programs that persist to this
day are the Boston University group, that has pushed to shorter wavelengths and includes
monitoring optical polarization (e.g., [37,38]), and the MOJAVE project that was originally
a 15 GHz total intensity monitoring program to study jet kinematics. It extended its goals
to include polarization when Matt Lister and Dan Homan were both Jansky fellows at
NRAO. They now have more than 20 years coverage on over 400 sources, mostly at 15 GHz,
and have published over 100 papers [39,40].

With the repeated observations of many sources at a fast enough cadence, it became
clear that the best way to show the evolution in time of the structure and polarization is to
make movies. I think Teddy Cheung was the first to do this for his undergraduate senior
thesis at Brandeis, later written up as an NRAO memo and posted on astro-ph [41]. His
movies were on our website for many years. Today the MOJAVE website [42] is a treasure
trove of such movies, and one can happily spend hours watching and trying to interpret
how the flux and polarization of your favorite sources evolve.

6. Polarization Sensitive Observations from Space with VSOP/HALCA
and RadioAstron

In 1997, Japan launched an 8 m antenna in a highly elongated orbit, dedicated to VLBI.
It observed at 1.6 and 5 GHz in conjunction with ground-based antennas including the
VLBA until 2005. The antenna had a very unusual design (see Figure 5, left). It rode into
space furled like an umbrella, and was unfurled once it was in zero-g orbital flight. This
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must have been a heart-stopping moment for the engineers on the ground because they
had never been able to test it on the ground in Earth’s strong gravity.

At apogee, its altitude was about 21,000 km, giving baselines to the VLBA antennas
about 3 times longer than what was normally available, and its highly elliptical orbit
sampled a wide swath of spacings in the u-v plane. It had a single polarization (LCP) feed
enabling limited imaging in linear polarization. For such an unusual antenna, the D terms
were quite small–about 3% at 1.6 GHz and about 9% at 5 GHz. This is described in [43]
together with some of the special problems of calibrating a space antenna.

Operations were ended at the end of 2005 by which point it had far exceeded its
expected 3-year lifespan. Denise Gabuzda wrote a valedictory article [44] describing the
contributions (about 40 papers) VSOP had made to the understanding of magnetic fields
in jets.

RadioAstron was a Russian 10 m dish launched in 2011 into a highly elongated orbit
that reached an apogee height of 350,000 km (comparable to the distance of the Moon). It
had both RCP and LCP feeds and at 22 GHz had a resolution of about 21 micro-arcseconds
(but a synthesized beam at least as elliptical as its orbit). Its primary mission was measuring
the brightness temperatures of the most compact radio cores. The first 22 GHz polarization
sensitive observations were of BL Lac [45]. In 2019, communications from the ground to
the spacecraft were lost, but it too had lasted much longer than its expected lifespan.

7. Circular Polarization at Milliarcsecond Resolution

The outstanding performance of the VLBA led directly to the detection of Circularly
Polarized radiation (CP) at milliarcsecond resolution [46]. The single dish or short baseline
interferometer measurements of the polarization of extragalactic sources had shown that
the fractional CP is usually only a few tenths of a percent, and almost never more than
1%. (As in the case of linear polarization observations with VLBI, the first examples of
circular polarization observations with VLBI came from spectral line observers looking at
molecular masers in star-forming regions (e.g., [47]). These can exhibit fractional CP at the
level of several tens of percent, and special techniques are not required).

I thought of VLBI CP observations of extragalactic continuum sources as the next
observational challenge (and therefore irresistible to attempt). The major complication was
that the feeds of the VLBA were all dual polarized right- and left-hand circular polarization
(RCP and LCP). In the language of Stokes parameters [5,48], the cross-hand correlations
are RL* ∝ Q + iU and LR* ∝ Q − iU. The total intensity, I, only enters through the D terms,
which are usually small, so this is a good way to measure linear polarization. However, the
parallel hand correlations are RR* ∝ I + V and LL* ∝ I − V. The tiny V signal is riding on
top of the large total intensity signal. In general, subtracting two large signals to detect a
small difference is a bad idea, because you end up detecting the errors in the amplitude
calibration of the two parallel hand correlations.

Some arrays have linearly polarized feeds, often crossed dipoles, such as ATCA [49]
and ALMA [50]. Then, if the channels are X and Y, then for an interferometer XX* ∝ I + Q
and YY* ∝ I − Q, which is a bad way to measure Q, but XY* ∝ U + iV and YX* ∝ U − iV,
which is a good way to measure V (see [5,48] for the full set of correlations). This is a bit
counter intuitive–that you would prefer circularly polarized feeds for measuring linear
polarization, and linearly polarized feeds for measuring circular polarization. The result of
all this is that ATCA, which has linearly polarized feeds, can detect fractional CP at levels
down to an astonishing 0.03% [49], while the VLBA, with circularly polarized feeds, is
about a factor of 10 less sensitive (e.g., [51]).

I did not believe that the VLBA could calibrate the fringe amplitudes to the required
accuracy of a few tenths of a percent, so I tried to think of other ways of doing it. (I was
greatly encouraged by simulated images of parsec scale jets in circular polarization by Tom
Jones [52]).
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My first thought was to dispense with the amplitude information altogether, and see
if we could extract information about V from the phases alone. This was suggested by a
remarkable paper about imaging that I happened across [53]—see Figure 4.
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For our purposes, we could set the fringe visibility amplitudes equal to unity but keep
the phases as measured. This will obviously not work if the source is an unresolved point
with circular polarization, because all the phases are zero. If the CP is not sitting on the
core, then we obtain an anti-symmetric image of Stokes V. If this seems strange, I would
point out that the RR* (∝I + V) and LL* (∝I − V) closure phases will differ if there is a true
V signal present. Furthermore, whatever you do to the amplitudes will not remove the V
signal from the phases.

Working with Dan Homan, we devised two more ways of mitigating the amplitude
calibration problem with VLBA observations. All three approaches are described in [54],
and examples given. The second, “zero V self-cal” exploits the fact that the gains we are
trying to determine multiply the visibilities while the V signal is additive. Incorrect gains
(such as setting all the amplitudes of the RR* and LL* fringes equal to each other) cannot
destroy a real V signal, but merely redistributes it in the image. The third method, “transfer
of gains,” works best if you have observed many sources. It assumes that all sources can
potentially be used as unpolarized (zero V) gain calibrators (which is mostly true, but you
do not know which ones because nearly all of your target sources are variable), until the
sources with real V stick out and are removed from the calibration procedure.

We first applied the transfer of gains method to 3C 279, which was part of our 12-
blazar monitoring program [35]. This led to the first published result of a measurement
of CP at milliarcsecond resolution [46]. A more extensive application and testing of the
transfer of gains method was on 40 sources that Joanne Attridge had previously observed
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for a linear polarization survey [55]. The experiment was very successful, detecting 11
sources that exhibited CP at the 3σ level or higher, and nearly quadrupling the number
of sources with CP detections at milliarcsecond resolution at that time. This approach is
tailor-made for programs such as MOJAVE [51] or other surveys which look at a large
number of sources [56].

Clearly my original guess that it would not be possible to calibrate the RR* and LL*
fringes with sufficient accuracy to measure CP was wrong. That you can measure CP rather
straightforwardly (if you are very careful and have lots of potential calibrators) is a tribute
to the remarkable stability of the electronics of the VLBA.

8. Rotation Measures and Rotation Measure Gradients

The VLBA is agile at switching between observing frequencies. This allows one to
map the distribution of Faraday rotation in jets and cores, but there are some practical
difficulties that must be paid attention to.

One is that the resolution changes as one changes frequency. It is not enough to
convolve the images down to the resolution of the lowest frequency, because the u-v
coverages are still different. MOJAVE [57] mitigated this by flagging the shortest baselines
at the lowest frequency and flagging the longest baselines at the highest frequency, but
they are discarding information.

Another is the registration of the images. The apparent core in an image is located
near the τ = 1 surface [58]. You cannot align the images on the core because it moves
closer to the jet apex with increasing frequency (“the core shift” [59]). Instead, you should
align on a bright optically thin feature farther downstream, or if the jet is rather smooth,
cross-correlate the optically thin emission.

For sources where the jet is sufficiently resolved, you can measure the rotation measure
gradient across the jet. This been somewhat contentious, with arguments about how well
resolved the jet must be to determine a reliable gradient. The MOJAVE program [57] used
a sample of 149 sources, and found only 4 sources with unequivocal transverse gradients
by their requirements (jet width > 1.5 beamwidths). The number of claimed RM gradients
is much higher than this [60], et seq., which also contains a good discussion of the dispute.
Gabuzda (personal communication) has now claimed to have measured reliable transverse
RM gradients in more than 50 sources.

Transverse RM gradients are very interesting because a natural explanation for the
gradient is that the magnetic field in the jet (and surrounding the jet) has a toroidal
component, which is superposed on a larger scale foreground rotation measure (e.g., [61]).
By Ampère’s law, a toroidal magnetic field requires that a current flows down the jet.
The current therefore generates both part of the field (in conjunction with the poloidal
component) that gives rise to synchrotron radiation from the jet, and also the magnetic
field in the plasma surrounding the jet that gives rise to the RM gradient. Jet currents
are an inevitable consequence of toroidal magnetic fields. Inserting typical values for the
magnetic field and jet radius, we expect currents of the order 1017–1018 A [62].

Rotation Measure mapping together with observations of linear and circular po-
larization offer a wealth of physical information that is unavailable from total intensity
observations alone. This is what makes them so alluring. Indeed, Gabuzda and others have
written interesting papers that try to connect RM gradients and circular polarization to the
spin of the central black hole [63,64].

9. The Event Horizon Telescope

Operating at 230 GHz and spanning almost an Earth diameter, the EHT has a resolu-
tion of about 20 micro-arcseconds. The high observing frequency together with the small
number of antennas (especially in 2017) has presented special challenges to the calibration
and imaging of the data, both in total intensity and in polarization [65–67].
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At 230 GHz, the array is very much at the mercy of the weather. Even though the
antenna sites are among the highest and driest places on Earth, phase fluctuations due to
tropospheric water vapor turbulence limit integration times typically to a few seconds.

Eight observatories at six geographic locations participated in the 2017 observations
(see Figure 5), but some clarification is needed. The South Pole Telescope can see Sgr A*,
but not M87, which is above the equator. APEX and ALMA are only 2 km apart. That is
actually very useful for calibration, but for imaging, they effectively count as one site. The
(typically) 37 or so 12 m antennas of ALMA that were phased up to act as a single antenna
of equivalent diameter 70 m all had crossed dipoles for feeds. These were converted to
RCP and LCP in the subsequent software [50]. Similarly, the SMA (submillimeter array)
and the JCMT (James Clerk Maxwell Telescope) are about 150 m apart on the top of Mauna
Kea, and also count as one site for imaging purposes. The SMA was dual polarization, but
the JCMT was single polarization. For the first 3 days of the 2017 campaign, it received
RCP and for the last 3 days it received LCP. As in the case of the ALMA-APEX, the short
baseline was very useful for calibration purposes. The rest of the antennas of the EHT had
dual (RCP and LCP) polarization receivers. The details of the array, its calibration and the
imaging methods used can be found in [66–68].
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In effect, the 2017 observations of M87 were made with a 5-station array. This is
reminiscent of our earliest days with the Mk III system.

With only 5 antennas, imaging in either total intensity or linear polarization is chal-
lenging. With the EHT, new approaches have been developed, and these are interesting
and welcome. Since the early days of aperture synthesis, the usual way to make an image
was to take the u-v data in the u-v plane, and Fourier transform it into an image in the x-y
plane, and then deconvolve the image using the CLEAN algorithm [69]. There may also be
several rounds of self-calibration. This approach is often referred to as “inverse modeling.”
This is the standard way of making images for the VLA or for the VLBA and is performed
by the program DIFMAP [70].

Two new and rather similar versions of “forward modeling” are described in [71]: eht-
imaging [32,72] and SMILI [33,73]. In forward modeling you are trying to find an image
that fits the visibilities (fringe amplitudes and closure phases) subject to other constraints
called regularizers that encourage desirable image properties. The latter might include an
entropy term which enforces positivity, and TV “total variation” which encourages pixel to
pixel smoothness and image compactness. For more details see Appendix A of [71]. The
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imaging was carried out by independent teams using each of these methods. In the end,
they averaged all three images on the day with the best data to produce the iconic image
that was shown to the world on 10 April 2019.

For the linear polarization data, there are additional problems in figuring out the D
terms of the EHT antennas [68]. What you need is one or two sources that are unresolved
or unpolarized [74]. At 20 micro-arcsec resolution we do not know of any. It therefore
becomes necessary to solve for the polarized structure of the calibrator source at the same
time as determining the D terms. Cotton briefly discusses this in [26], and Leppanen
incorporates it into his calibration program [12] now incorporated into AIPS as the task
LPCAL. To do it with only a five station array is not easy. Ironically, it turns out that
one of the best calibrators is M87* itself, because its structure is simple, and it is not very
strongly polarized. Much more information on all of this, especially regarding the extensive
consistency checks and imaging parameter surveys that were carried out can be found
in [68].

In the end, five different imaging approaches were used to determine D terms and
make images of M87* in linear polarizations (see Figure 6). Again, details can be found
in [68].
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Figure 6. This is taken directly from Paper VII [68], and shows the daily images of M87 (each an average of all the
reconstruction methods). The polarization information is shown superposed on the total intensity images taken from Paper
IV [71], using two visualizations. The top row shows constant length tick marks, with the color indicating local fractional
polarization and orientation indicating the EVPA. The bottom row shows the polarization as a vector field. The sweeping
lines indicate the streamlines of the field, with the length and opacity of the lines scaling as the square of the polarized
intensity. This unusual but attractive way of displaying the polarization is inspired by the Line Integral Convolution
representation of vector fields [75]. Attribution EHTC.

The publication of the polarization image of M87* is an important milestone in the
story of the development of polarization VLBI, but the story never ends. In 2017 the EHT
also observed Sgr A*, which we know exhibits both linear and circular polarization [76],
but varies on a timescale of minutes. Now that is an imaging challenge! There are new
observations and new antennas have been added to the array. Additionally, perhaps we
will get an antenna in space again.

The author thanks Jim Moran, Ralph Spencer and Denise Gabuzda for helpful conver-
sations, and to the referees all of whom substantially improved the clarity of the paper. The
author is solely responsible for all errors of fact and memory, and would greatly appreciate
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additional errors being pointed out to him. This paper loosely emulates Ralph Spencer’s
paper titled “An Old Fogey’s History of Radio Jets” at the jet meeting held in Crete in
2017 [77]. We need more “old fogey” or “senior recollection” or “unauthorized accounts.”
They tell the back stories of how science is done and how it progresses, and these rarely
makes it into print. However, I believe them to be of interest and value to our colleagues in
similar but parallel fields, and especially to graduate students entering the field. How else
will they learn this background information? I, therefore, urge all colleagues who have a
story to tell to put pen to paper and share it with the community and future students.
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