Anomalous
X-ray Pulsars:
By Robert C. Duncan

mystery
solved?

in november 1978, NASA launched
the Einstein X-ray Observatory, the
first imaging X-ray telescope. Einstein
explored an entirely new sky, jeweled
with strange constellations. The wellknown stars, though bright to human
eyes, are exceedingly dim in X-rays.
But a whole new set of X-ray stars
burned with unexpected power.
Bright X-ray stars come in many
types. Most are tight binaries containing a neutron star and an ordinary
star like the Sun. The ultradense neutron star’s gravity attracts gas from its
companion. This swiftly infalling gas
heats up and emits X-rays as it orbits
within a searing, turbulent disk that
closely surrounds the neutron star.
Additional X-rays come from the neutron star’s surface, which is heated to
many millions of degrees by material
raining down from the disk. These
processes release copious gravitational
energy as X-rays, often with the power
of 10,000 Suns or more.
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New evidence implicates
the magnetar, a bizarre
new kind of neutron star.
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panomalous x-ray pulsars
Although most known X-ray binaries contain neutron
stars, in some of these systems, such as Cygnus X-1, the
compact star has collapsed into a black hole. X-rays cannot
emerge from the black hole itself, but the surrounding
accretion disk glows brightly, powered by the hole’s intense
gravitational field.
In the 1970s, astronomers found that some solitary neutron
stars are strong X-ray emitters. Many fast-spinning neutron
stars were already known to emit periodic radio blips.
These radio pulsars are magnetized neutron stars that spin
out an endless flow of plasma and radio waves. A few of the
youngest, most rapidly spinning radio pulsars also emit Xray pulses, evidently because their spin-driven outflows are
so energetic. Such pulsars are powered by rotational energy.
But a few pulsing X-ray stars remained mysterious, seemingly powered by neither rotation nor gravitational accretion.
Astronomers detected the first of these strange stars in
1979, but 14 years passed before anyone suggested their
likely energy source, and another decade of intense study
and debate has yielded only partial understanding. This is
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NASA’s Chandra X-ray Observatory shows the pulsing behavior
of 1E 2259+586. Source: Robert C. Duncan.
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Data from a variety of X-ray observatories show how 1E
2259+586’s spin rate is decreasing. In the magnetar model, this
braking is due to an ultrastrong magnetic ﬁeld. In June 2002 the
Rossi X-ray Timing Explorer (RXTE) satellite recorded an abrupt and
dramatic increase in the AXP’s spin rate, which probably was
caused when a magnetically driven instability shifted the ﬂow of
superﬂuids within the star. This abrupt change was accompanied
by 80 high-energy outbursts. Source: Robert C. Duncan.
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the story of these puzzling objects, the anomalous X-ray
pulsars (AXPs), and their linkage to magnetars, neutron stars
with stupendously powerful magnetic fields.

MYSTERY STARS

Like many important scientific findings, the discovery of
AXPs was serendipitous. In December 1979, while observing
newly discovered variable radio sources with the Einstein
Observatory, Philip C. Gregory and Greg Fahlman (University of British Columbia, Canada) imaged a fascinating
object in Cassiopeia: a bright, pointlike X-ray source surrounded by a semicircular blob of diffuse X-ray emission.
The central X-ray star was christened 1E 2259+586 for its
listing in the First Einstein (1E) Catalog of X-ray Sources and its
sky coordinates.
In their paper describing the find, Gregory and Fahlman
suggested that 1E 2259+586 was a neutron star surrounded
by a supernova remnant. The object superficially resembled
the Crab Nebula (M1), where an X-ray-bright pulsar lurks
at the center of an expanding cloud of hot gas — the tattered remains of a supernova observed in AD 1054. Given
1E 2259+586’s estimated 10,000-light-year distance from
Earth and its measured X-ray brightness, Gregory and
Fahlman calculated that it was shining with the energy of
about 100 Suns — all in X-rays.
What was powering this object?
Rotation powers the Crab pulsar, which now spins 30 times
per second. But it is gradually
spinning down. The star’s magnetism provides the mechanism
for this ultradense flywheel to
shed its spin. Since magneticfield lines are firmly anchored to
the star’s surface, rotation drives
cyclic modulations of the field
outside the star. This strong,
variable magnetic field gives rise
to electric fields near the star,
which accelerate charged partiThis false-color X-ray image from the Einstein
cles. The result is a rotationObservatory shows the anomalous X-ray pulsar
powered outflow of plasma and
(AXP) 1E 2259+586 and its surrounding superradio waves, which carry away
nova remnant, CTB 109. Astronomers realized
the pulsar’s rotational energy.
soon after they discovered the pulsar in 1979
Radio astronomers have carethat it was too bright to be powered by rotafully tracked the Crab pulsar’s
tion. For many years, astronomers thought
spin-down over the years, thus
that this X-ray star was powered by accretion,
determining its rate of rotational
but no evidence for a companion star has ever
energy loss (and also yielding an
been found. The remnant is asymmetrical beestimate of the magnetic field,
cause the expanding supernova debris ran into
which is catalyzing this spina dense molecular cloud on the right side.
down). Rotational-energy dissipaCourtesy Gail Dodge, Frederick D. Seward, the
tion can easily power the pulsar
Harvard-Smithsonian Center for Astrophysics,
emissions from radio to gamma
and NASA.
rays, as well as most of the emissions from the surrounding nebula, which is energized by
plasma flowing out from the pulsar.
But rotation could not power 1E 2259+586. Compared to
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strange X-ray pulsars resembling 1E 2259+586 were found
by 1994, deepening the mystery. (One object later proved
spurious and another turned out to be a binary.) All have
periods between 5 and 10 seconds.
Five members is apparently the quorum for identifying a
distinct stellar class. Indeed, Coel Hellier (Keele University,
England) and Italian X-ray astronomers Sandro Mereghetti
and Luigi Stella suggested that these five objects constituted
a new class of low-mass, accreting binary stars.

4U 0142+615
1E 1048–594

Sun

1E 2259+586

1E 1841–045
XTE J1810–197

ENTER THE MAGNETAR

RXS 1708–401

AX J1845–026

50,000 light-years
Seven of the eight known AXPs lie within the Milky Way’s disk, depicted
here with its gas-rich spiral arms. The eighth, CXOU J0110–721, is situated in the Small Magellanic Cloud, a satellite galaxy some 185,000
light-years away. Source: Eric V. Gotthelf, Gautam Vasisht, James M.
Cordes, and T. Joseph W. Lazio.

the Crab pulsar, 1E 2259+586 is a slow flywheel, spinning
only once in 7 seconds, as Fahlman and Gregory showed
from its cyclic X-ray modulations. Careful long-term timing of
these periodic X-ray pulses revealed that 1E 2259+586’s spin
steadily slows, as does the Crab’s spin. But its rotationalenergy loss rate is thousands of times too small to account
for the neutron star’s high X-ray luminosity — unlike the
Crab’s. The Cassiopeia pulsar is also radio-silent.
If not rotation-powered like the Crab pulsar, could this
star be gravity-powered, like an X-ray binary? Despite many
deep optical searches, no companion star was detected.
Moreover, if 1E 2259+586 were a binary system, then carefully timing its rotational X-ray pulses should reveal any
companion’s presence. The pulsar’s Xrays would then travel a greater distance to reach Earth when it is on the
far side of its orbit than when on the
AXP
near side, and the increased travel
1E 2259+586
time would periodically delay the Xray pulses’ arrival. But no such orbital
1E 1048–594
signature has ever been seen.
4U 0142+615
Thus 1E 2259+586 remained a mystery well into the 1990s. Most astronoRXS 1708–401
mers thought that if we could only
1E 1841–045
scrutinize it with more sensitive teleAX J1845–026
scopes and detectors, evidence of a
companion star would emerge. Again
CXOU J0110–721
and again, as new advances in technolXTE J1810–197
ogy were brought to bear, this hope
proved illusory. Instead, four more

At a March 1995 conference held in La Jolla, California, I
gave a talk suggesting that four of these objects were lone
neutron stars powered by a different energy source: magnetism. (The fifth object was definitely a binary.) This
“magnetar” idea was the brainchild of my long collaboration
with Christopher Thompson (Canadian Institute of Theoretical Astrophysics, Toronto). Right before my talk, I wrote
the words “Anomalous X-ray Pulsars (AXPs)” across the top
of a transparency that listed the candidate stars and their
properties. The name stuck.
Thompson and I had discussed magnetars at scientific
conferences since 1992, without gaining many converts.
The idea stemmed from considerations of pulsar magnetism.
Large radio dishes had picked up rhythmical blips from
many hundreds of pulsars. These ceaseless blips were all
slowing incrementally, as expected of neutron stars blowing
out plasma winds and radio waves. The spin-down rates
implied magnetic fields in the ballpark of a trillion (1012)
gauss for most radio pulsars.
Beginning in 1986, Thompson and I sought to answer the
simple question: why do almost all radio pulsars have fields
of about a trillion gauss? Why not 10 or 100 times smaller or
larger? A trillion-gauss field is impressive compared to
Earth’s 0.6-gauss magnetic field or the roughly 1,000-gauss
field within a large sunspot, but when we estimated neutronstar magnetism in theory, we found that the most rapidly
rotating neutron stars at birth should acquire fields that are
thousands of times stronger. This result was a surprise, to
say the least. The stellar field that we calculated was so
strong that it could kill a person 1,000 kilometers away by

The Anomalous X-ray Pulsars
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Cassiopeia
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10,000
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7,000

8.69

1.3
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~25,000

11.00

4.6
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1997

20,000
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7.1
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6.97
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2002

185,000
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2003

~20,000

5.54

2.6
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panomalous x-ray pulsars
warping atoms in living flesh into needle-like structures.
We realized that if magnetars exist, they would begin
their lives by spinning out radio waves and plasma at a
furious rate, losing most of their rotational energy soon after
they formed. Such transitory flywheels would be unlikely
to be observed as spin-powered pulsars. Yet they would
retain enormous reservoirs of magnetic energy because of
persistently circulating currents in their electrically conducting, ultradense interiors. Our calculations suggested that as
this magnetism gradually decayed over many thousands of
years, some of its energy would be released, powering
bright X-ray emissions.
Admittedly, there was room for doubt in our analysis. To
understand neutron stars, one must ponder concentrations
of matter, energy, and gravity far beyond the realms of
human experience or laboratory measurements, extrapolat-

a

d

ing physics uncertainly over many powers of 10. Yet the
equations seemed to make sense every way we looked at
them, despite all those intimidating zeros after every number that represented a physical quantity. After rechecking
our calculations for several years, we began to wonder:
where were the ultramagnetized stars?
In 1992 we proposed that the soft gamma repeaters (SGRs)
were magnetars. SGRs are a handful of mysterious stars
known to emit sporadic, intense flares of soft (low-energy)
gamma rays. SGR outbursts seemed to be magnetically
driven instabilities, somewhat like solar flares but much
more powerful. Then in 1993 — in a long, abstruse paper
that few people read — Thompson and I suggested that the
AXP 1E 2259+586 was also a magnetar. Now, in 1995, we
were hoping to expand the pool of magnetar candidates to
include all AXPs.

DANGEROUS STARS

b

SGR or AXP

c

First ~10,000 years

These illustrations show how magnetars might form. (a) The core of a massive star runs out of nuclear fuel
and collapses to form a neutron star. As it shrinks by a factor of 300, it spins up by a factor of 100,000 and
its magnetic ﬁeld also gets 100,000 times stronger. (b) The ultrahot newborn neutron star emits a ﬂood of
neutrinos, which carry away almost all the gravitational energy released by the core collapse. (c) During
the neutron star’s ﬁrst 20 seconds of life, hot elements of ﬂuid rise and cool elements sink in furious convection, each circulation taking only about 5 milliseconds. Magnetic-ﬁeld lines are swept along by this ﬂow
since the ultradense nuclear ﬂuid contains protons and electrons that conduct electricity efﬁciently. If the
star spins faster than 200 times per second, rotation can organize the magnetic ﬁeld on large scales, amplifying it to magnetar strength. (d) The outer shell solidiﬁes as the neutron star cools, while circulating electric currents inside sustain the magnetism. S&T diagram by Gregg Dinderman; source: Robert C. Duncan.
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After my La Jolla talk, Caltech astronomer
Shrinivas Kulkarni spoke up: “Aren’t you
worried that these X-ray spectra are all
over the map?” He had a valid point. In
the Spectrum column on my transparency, the different AXP candidates showed
little common ground. As I suspected at
the time, it would later become clear that
all AXPs have both high- and low-energy
spectral components, which can cause
them to look different to various X-ray
detectors.
I acknowledged these uncertainties, but
I emphasized an advantage to our model:
because rotating magnets generally emit
radio waves (known as magnetic dipole
radiation), magnetars would spin down
rapidly and continuously, in agreement
with AXP observations. Rotation-powered
plasma winds would also drive spin-down.
Moreover, even if AXPs were born twirling faster than the Crab pulsar — as our
theory predicted — they would slow to
rotation periods of about 10 seconds (as
observed) after several thousand years,
which agrees roughly with the estimated
ages of the supernova remnants within
which some of them evidently formed.
This agreement was particularly solid
for the AXP 1E 1841–045. As Eric V. Gotthelf (Columbia University) and Gautam
Vasisht (NASA/Jet Propulsion Laboratory)
showed, its spin-down rate has been rocksteady for more than 15 years, at a rate
implying a polar magnetic-field strength
of 700 trillion gauss. Given this field
strength, the star would have required
about 4,000 years to slow to its present
11.77-second period. This time span nearly
matches the age of the surrounding super-

panomalous x-ray pulsars
THE AXP DEBATE
Harvard University theorists Rosalba
Perna, Lars E. Hernquist, and
Ramesh Narayan suggested a way.
They noted that a neutron-star disk
would be heated by X-rays shining
on it and by friction within the
disk. The extended, hot disk would
thus emit infrared and visible light.
Measuring these emissions could
break the impasse.
Unfortunately, all known AXPs in
our galaxy lie thousands of lightyears from Earth and near the Milky
Way’s midplane. Tenuous interstelUsing the 10-meter Keck II telescope, astronomers ﬁnally have obtained optical images of the
lar dust fills much of our galaxy’s
AXPs 4U 0142+615 (left) and 1E 2259+586 (right). These objects would be considerably
disk. Shrouded by this intervening
brighter if they were surrounded by disks. The inferred absence of disks provides indirect but
smokescreen, the AXPs would be
compelling evidence that they are powered by magnetism. Courtesy Ferdi Hulleman, Marten
exceedingly dim and hard to find
van Kerkwijk, Shrinivas Kulkarni, and Keck Observatory.
among countless foreground stars.
they can remain small. As a result of these observations,
Nevertheless, astronomers took up the challenge to pin
few astrophysicists continue to study disk models for AXPs.
down these objects in some waveband other than X-rays
and resolve the debate. In 2000, using the 10-meter Keck II
telescope, Ferdi Hulleman (Utrecht University, Netherlands),
BURSTS OF INSIGHT
Marten van Kerkwijk (now at the University of Toronto),
As described earlier, the original magnetar candidates were
and Kulkarni finally spotted the dim, dust-reddened optical
soft gamma repeaters, not AXPs. SGRs emit powerful
counterpart to the AXP 4U 0142+615. The star was fainter
bursts of soft gamma rays and hard X-rays, which call out
than the disk model had predicted.
from across the galaxy and beyond. Three SGRs were deIn late 2001, Brian D. Kern and Christopher D. Martin
tected in 1979 and three more subsequently, but it wasn’t
(Caltech) aimed the 200-inch Hale Telescope on Palomar
until 1998 that astronomers pinned down the bursters’
Mountain toward 4U 0142+615. Kern and Martin found that
precise locations and carefully studied their X-rays. Using
its faint optical glow pulses dramatically with the star’s
NASA’s Rossi X-ray Timing Explorer (RXTE) satellite, a
8.69-second rotation period. This argued persuasively
team led by Chryssa Kouveliotou (National Space Science
against disks. A disk would shine steadily rather than
and Technology Center) discovered that SGRs are pulsing
pulse, because it is an extended object that maintains a
X-ray sources, much like AXPs. This observation agreed
constant orientation in space.
with magnetar expectations. Evidently SGRs, like AXPs, are
Faint visible or infrared counterparts have now been
X-ray-luminous neutron stars rotating once every 10 secfound for five of the eight known AXPs. Very small disks
onds or so and are rapidly spinning down at rates consismight be consistent with these data, but disks generally
tent with 1015-gauss magnetism.
tend to spread outward at the same time that some disk
SGR bursts appear to be magnetically driven instabilities
material drifts inward, so it is difficult to understand how
on magnetars. Disk models cannot explain them because
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4

NASA’s Rossi X-ray Timing Explorer
(RXTE) recorded powerful outbursts
from the AXPs 1E 1048–594 (left) and
1E 2259+586 (right). The bursts are
very similar to those from soft gamma
repeaters. The 1E 1048–594 burst
shown here was observed on October
29, 2001. A similar burst was observed
16 days later. The AXP 1E 2259+586 exhibited 80 outbursts over three RXTE
orbits on June 18, 2002. These events
offer powerful evidence that AXPs and
SGRs are the same types of objects —
most likely magnetars. Courtesy Victoria Kaspi, Fotis P. Gavriil, Peter M.
Woods, and NASA.

panomalous x-ray pulsars
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gravitationally powered disk instabilities are thousands to
millions of times dimmer. The resemblance of AXPs to SGRs
thus gave indirect evidence that AXPs are also magnetars.
What was needed was direct evidence: bright bursts from
AXPs themselves. In 1996 Thompson and I had predicted
that such bursts would be seen.
In late 2001 Victoria M. Kaspi and Fotis P. Gavriil (McGill
University, Canada) and Peter M. Woods (NSSTC) used
RXTE to observe two SGR-like bursts, 16 days apart, from
the direction of 1E 1048–594, an AXP in Carina. RXTE was
monitoring 1E 2259+586 as well, and in June 2002 this AXP
exhibited a major bursting episode, with more than 80 detected bursts. These observations lent strong support to
the magnetar model. Indeed Kaspi, Gavriil, and Woods’s
paper announced, in its title, burst detections “from the
No-Longer-So-Anomalous X-ray Pulsar 1E 2259+586.”

AXP SCIENCE TODAY
The effort to understand AXPs has been a long, strange
trip, keeping astronomers occupied for a quarter-century. It
is now clear that AXPs and SGRs are two manifestations of
essentially the same kind of beast. Magnetic energy seems
to be the power source. But even if the magnetar picture is
essentially correct, many AXP/SGR properties remain
poorly understood. Reliable, detailed matches between
theory and most observations are lacking, and some basic
ideas about how these stars behave may require revision.
The number of magnetars believed to populate our galaxy
has been growing. Two AXPs were recently observed to vary
in X-ray brightness by factors of more than 100, probably
due to shifts in the magnetars’ solid crusts. This raises the
possibility that several dim X-ray stars lying within supernova remnants may be quiescent magnetars whose X-ray
pulses are currently too weak to detect. If this is true, then
perhaps the majority of neutron stars could be magnetars.
Although the magnetar hypothesis might still prove false
or incomplete, there are good reasons to suspect that it will
become a growth area in astrophysics. Theories that link
magnetars to diverse astrophysical mysteries such as gammaray bursts and ultrahigh-energy cosmic rays are now rife in
the scientific literature. Recent work by Todd Thompson
(University of California, Berkeley) even raises the possibili-
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ty that all elements heavier than bismuth were forged in
neutron-rich winds blown off the surfaces of newborn magnetars within supernovae. Thompson argues that very
strong magnetism fosters the right conditions for building
up heavy nuclei within these winds. If this is true, then terrestrial nuclear power plants may be running on magnetar
power. †

Right: Chryssa Kouveliotou
shared the 2003 Bruno Rossi
Prize with Duncan and Thompson for her 1998 observations
that strongly supported the
existence of magnetars. Her
husband, the eminent Dutch
astrophysicist Jan van Paradijs,
died in 1999, a year after he
won the Bruno Rossi Prize.
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CHRYSSA KOUVELIOTOU

University of Texas astrophysicist Robert C. Duncan shared the
2003 Bruno Rossi Prize from the American Astronomical Society’s
High-Energy Astrophysics Division for his work on magnetars.
More information can be found on the magnetar Web site at http://
solomon.as.utexas.edu/magnetar.html.

CHRISTOPHER THOMPSON

JACQUELINE KELLY

Author Robert C.
Duncan (left)
collaborated
with Christopher
Thompson (right) in
the late 1980s and
early 1990s
to conceive the
existence of magnetars.

The Extreme-ultraviolet Imaging Telescope aboard the SOHO spacecraft watched the Sun unleash an X-class ﬂare from its limb on
November 4, 2003. The ﬂare — one of the most powerful ever
recorded — saturated the detector. Now imagine this event scaled up
by a factor of roughly 1018 in peak intensity, or 1013 in total energy.
That is the staggering power of a magnetar outburst. Magnetic instabilities trigger both solar and magnetar ﬂares, though they differ
considerably in detail and strength.

