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Abstract.

An outburst of several tens of SGR-like bursts was detected from the Anomalous X-ray Pulsar (AXP) 1E 22594586 in
2002 June. Coincident with this burst activity were gross changes in the pulsed flux, persistent flux, energy spectrum, pulse
profile and spin down of the underlying X-ray source. We present RXTE and XMM-Newton observations of 1E 22594586
that show the evolution of the aforementioned source parameters during and following this episode and identify recovery
time scales for each. Specifically, we observe an X-ray flux increase (pulsed and phase-averaged) by more than an order of
magnitude having two distinct components. The first component is linked to the burst activity and decays within ~2 days
during which the energy spectrum hardens considerably relative to the quiescent state of the source. The second component
decays over the year following the glitch/outburst according to a power law in time with an exponent —0.22. The pulsed
fraction decreased initially to ~15% RMS, but recovered rapidly to the pre-outburst level of ~23% within the first three days.
The pulse profile changed significantly during the outburst, and recovered almost fully within two months of the outburst. A
glitch of size AVmax/V = (4.24+0.11) x 10~6 was observed in 1E 22594586 that preceded the onset of the observed burst
activity. The glitch could not be well fit with a simple partial exponential recovery. An additional exponential rise in frequency
with a time scale of 15 days resulted in a significantly better fit to the data, however, a systematic drift in the phase of the
pulse profile cannot be excluded as the cause for the apparent slow rise in frequency. The changes in the source properties of
1E 22594586 during its 2002 outburst are shown to be qualitatively similar to changes seen during/following burst activity
in two Soft Gamma Repeaters (SGRs), thus further solidifying the common nature of SGRs and AXPs as magnetars. Finally,
the changes in persistent emission properties coincident with burst activity in 1E 2259+586 enabled us to infer previous burst
active episodes from this and other AXPs. The non-detection of these outbursts by all-sky gamma-ray instruments suggests

that the number of active magnetar candidates in our Galaxy is larger than previously thought.

INTRODUCTION

Anomalous X-ray Pulsars (AXPs) and Soft Gamma Re-
peaters (SGRs) aretwo intriguing classes of isolated neu-
tron stars. Each member of these groups is a persis-
tent X-ray source, most are X-ray pulsars spinning down
rapidly, and some have entered episodes where they emit
high luminosity (up to 107 Lgqg iN SOme cases) bursts of
hard X-rays and soft gamma-rays. Both AXPs and SGRs
are very likely magnetars [1, 2], or neutron stars with
very strong magnetic fi elds (B, = 10 — 10> G), whose
bright X-ray emission is powered by the decay of these
strong fi elds. The global properties of AXPs and SGRs
are reviewed elsewhere in this volume ([3] and [4], re-
spectively).

The characteristics of the persistent X-ray emission
from magnetar candidates (i.e. AXPs and SGRs) as a

class are correlated with their propensity to burst. For ex-
ample, the most active burst sources show the most rapid
spin-down (e.g. [5]), the strongest timing noise [6, 7],
and the hardest X-ray spectra [8]. Moreover, nearly all
spectral and temporal properties of the persistent X-
ray emission from individual magnetar candidates show
changes during burst active episodes or outbursts (e.g.
[9]). Until recently, correlated source variability during
outbursts has only been seen in the SGRs. On 2002
June 18, an outburst of more than 80 individual bursts
was recorded from the AXP 1E 2259+586 [10] using
the Ross X-ray Timing Explorer (RXTE) Proportional
Counter Array (PCA). Coincident with thisoutburst were
changesin the spectrum and timing properties of the per-
sistent X-ray emission. Below, we summarize the ob-
served changesin the source and compare those changes
to the effects seen in SGRs during burst active episodes.



For a more compl ete description of thiswork, please see
[11]. Several aspects of the outburst from 1E 2259+ 586
are also covered in [3] and a complete analysis of the
burstsis presentedin [12].

OBSERVATIONSAND ANALYSIS

The AXP 1E 2259+586 has been monitored with
the Rossi X-ray Timing Explorer (RXTE) Proportional
Counter Array (PCA) since 1997 (e.g. [7]). Following
the burst discovery, several Target-of-Opportunity (ToO)
RXTE observations were performed during the next sev-
eral weeks before routine monitoring observations re-
sumed. Here, we report on all RXTE observations be-
tween 2000 March and 2003 June.

1E 22594586 was also observed by the X-ray Multi-
Mirror Mission (XMM-Newton) fortuitously one week
beforethe outburst. We combinethiswith a ToO observa-
tion 3 days following the outburst and three other XMM-
Newton observations of the surrounding supernovarem-
nant (CTB 109) that bracket the 1E 2259+586 outburst.
Details of all observations and the analysis techniques
used can be found in [11].

TABLE 1. Spin Parameters for 1E 2259+586 from 3.2 years
of phase-coherent timing using RXTE PCA data.

Frequency? , v (Hz) 0.14328703257(21)
Frequency Derivative, v (Hzs™1)  —9.920(6) x 10~1°
Epoch (MJD TDB) 52400.0000

Av (Hz) 5.25(12) x 10~/
AvE (Hz) >8.7x1077

Ty (days) 14.1(7)

Avy (Hz) Avg+ ~5x 1079
T4 (days) 15.9(6)

Av (Hzs™1) +2.18(25) x 10~16
ty (MID TDB) 52443.13(9)
RMS Timing Residual (ms) 44.9

Start Observing Epoch (MJD) 51613

End Observing Epoch (MJD) 52900

@ Numbers in parentheses represent 1o uncertainties in the
least significant digits quoted.
b Lower limit given at 90% confidence.

PULSE TIMING

Within two days of the outburst, it was clear from the
PCA data that a glitch had occurred in 1E 2259+ 586
[10]. As more post-glitch data were collected, it was

realized that the timing propertiesof thisglitch werevery
unusual as compared to glitches in other neutron stars
[11]. In particular, we found that a simple exponential
relaxation model could not fi t the post-glitch frequency
evolution. Themodel that best fi t the frequency evolution
of 1E 2259+586 across the glitch is given by

V = vy(t) +Av+ Avg (1 — e (-10)/T)
—Av, (1—e /) p AV,

where v,(t) is the frequency evolution pre-glitch, Av is
an instantaneousfregquency jump, Avg istheresolved fre-
quency jump that grows exponentially on atime scale 1g,
Avy is the post-glitch frequency drop that decays expo-
nentially on atime scale 1, tg is the glitch epoch, and
Av is the post-glitch change in the long-term frequency
derivative. The best fi t parametersare givenin Table 1.
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FIGURE 1. Top Pane - Frequency evolution of
1E 2259+586 around the time of the outburst for a model
including an exponential rise and fall in frequency post-glitch.
The solid line represents the best-fit model. The circles denote
frequency measurements for independent subsets of data. The
effect of the glitch is obvious, as is the partial recovery. Middle
Panel — The frequency residuals of the independent frequency
points minus the model. Bottom Panel — Phase residuals with
respect to the best-fit model. Closer inspection of the residual
cluster just following the outburst epoch reveals that there is
a low amplitude systematic trend. This is discussed further in
the text.

The frequency evolution of 1E 2259+-586 just before
and following the outburst as determined by our fit is
shown in Figure 1. The glitch epoch (tg) precedes the
PCA observation containing the burst activity by 12.5 +
2.1 hours. The exponential growth term clearly improves
the fi t to the full data set (A% = 316 for 2 dof when
compared to the simple exponential recovery model),
and the two time scales (two weeks) are very similar to



one another. Finally, thelong-term post-glitch spin-down
rate decreases signifi cantly (8a) in magnitude.

Thereis a systematic trend in the phase residual clus-
ter just post-glitch which may be dueto signifi cant pulse
shape changes observed in 1E 22594586 or an inade-
quacy in our model. We should note that the pulse pro-
fi leevolution occurred during theinterval whereresolved
spin up is inferred, thereby making phase coherent tim-
inglessreliable. Still, itisvery unlikely that the deviation
we observe from a pure exponential decay isdueentirely
to pulse profi le evolution as this would require a very
large (~0.35 cycle) systematic drift of the pulse profi le
during the two weeks following the outburst.

X-RAY FLUX AND SPECTRUM

Using the PCA folded pulse profi les, we constructed a
pulsed fux history (2—10 keV) of 1E 2259+586 from
2000 March through 2003 June. At the time of the out-
burst, there is a sudden increase in the pulsed flux by
a factor ~18. Most of this enhancement decays away
rapidly within a day, however, the pulsed fux does not
fully recover to the pre-outburst level even after oneyear.

From the XMM-Newton observations and a subset of
the RXTE observations, we cal culated the pulsed fraction
of 1E 22594586 over this same time interval which
allowed us to convert our pulsed fux measurements to
unabsorbed phase-averaged fluxes [11]. The converted
pulsed fluxes as well as independent fux measurements
from XMM-Newton following the glitch are shown in
Figure 2. All fuxes are plotted in log space relative to
the glitch epoch (Table 1).

Clearly, thefux decay isnot well described by asingle
component model (e.g. exponential or power law). The
temporal decay of the fux during the PCA observations
containing the burst activity (<1 day) is much more
rapid than the decay during the year following the burst
activity. We gplit the data into two segments (<1 day
and >1 day after the glitch), and fi t each independently
to a power-law model (F O t%). The measured temporal
decay indices for the two segments are —4.8 + 0.5 and
—0.22 + 0.01, respectively. Note that the slope of the
initial, rapid fux decay is highly dependent upon the
chosen epoch. If the true fi ducial point for this decay
component followed the glitch, the ope of this decay
component would be much ftter [11].

During the burst activity 2002 June 18 and immedi-
ately following the glitch, the spectrum of 1E 2259+586
became signifi cantly harder. The therma component be-
came much hotter reaching 1.7 keV at its maximum and
the photon index fettened to ~2.5 [10]. Using the com-
bined XMM-Newton and RXTE data sets, we traced the
evolution of the X-ray spectrum of 1E 22594586 fol-
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FIGURE 2. The time evolution of the unabsorbed flux from
1E 2259+586 following the 2002 June outburst. The glitch
epoch (Table 1) is used as the reference time for this plot. Dia-
monds denote inferred unabsorbed flux values calculated from
RXTE PCA pulsed flux measurements. Asterisks and squares
mark independent phase-averaged unabsorbed flux values from
RXTE and XMM-Newton, respectively. The dotted line denotes
the flux level measured using XMM-Newton 1 week prior to the
glitch. The dashed line is a power-law fit to the PCA flux mea-
surements during the observations containing the burst activity
(<1 day). The dot-dash line marks the power-law fit to all data
>1 day following the glitch.

lowing the outburst (Figure 3). The flux evolution isdis-

cussed earlier. All other spectral parameters (i.e. kT, I,
etc.) recover to within 25% of their pre-outburst values
within the fi rst 1—3 days of the outburst.

DISCUSSION

Virtually al measurable X-ray properties of
1E 22594586 changed suddenly and dramatically
during the 2002 June outburst. Continued observations
with RXTE and XMM-Newton have allowed us to track
the recovery of several source parameters shown to
change during this outburst. Many of the observed
variations resemble phenomena seen during SGR burst
active episodes. Specifi cally, the harder X-ray spectrum,
the fux enhancement, power-law fux decay, and pulse
profi le change. This work shows that not only are the
bursts from 1E 22594586 similar to SGR bursts [12],
but the effects of these bursts on the persistent X-ray
emission are also similar to what is seen in SGRs. This
establishes yet another bond between SGRs and AXPs,
confi rming their common nature.

The cumulative properties of the outburst in
1E 2259+586 lead us to conclude that the star suf-
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FIGURE 3. The spectral evolution of 1E 2259+586 through
and following the outburst of 2002. From the top panel down:
the unabsorbed flux (2—10 keV), the blackbody temperature
(KT), the photon index, the blackbody radius, and the ratio of
power-law (2—10 keV) to bolometric blackbody flux. A dis-
tance of 3 kpc was assumed [13] to compute the blackbody
radius. Horizontal dashed lines denote the values of each pa-
rameter during the XMM-Newton observation one week prior
to the outburst.

fered some major event that was extended in time and
had two components, onetightly localized on the surface
of the star (i.e. a fracture or a series of fractures) and
the second more broadly distributed (possibly involving
a smoother plastic change). This event affected both
the superfuid interior and the magnetosphere. The

glitch points toward a disturbance within the superfuid

interior while the extended flux enhancement and pulse

profi le change suggests an excitation of magnetospheric
currents and crustal heating. This physical interpretation
isdiscussed in greater detail elsewhere[11].

Previous reports of fux variability [14, 15], pulse
profi le changes [14], and glitch activity [16] in
1E 22594586 likely indicate previous episodes of burst
activity in this source. What is most intruiging about
this outburst and others inferred from past behavior is
that not a single burst has been detected with large FOV

gamma-ray detectors (e.g. BATSE, Konus, Ulysses, etc.)
that traditionally detect burst active episodes in SGRs.
This shows that we are missing low intensity SGR-like
outbursts from magnetar candidates in our Galaxy (i.e.
the SGRs are a senditivity limited sample), therefore,
there may be a larger population of active magnetar
candidatesin our Galaxy than previously thought.
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