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Abstract.

The~800 yr-old pulsar PSR J1846-0258 in the supernova remnan?Kés a unique transition
object between rotation-powered pulsars and magnetarse Whypically behaves as a rotation-
powered pulsar, in 2006 it exhibited a distinctly magnditee-outburst accompanied by a large
glitch with an unusual over-recovery. We present X-ray tignobservations taken with tfReoss X-
ray Timing Explorer after the X-ray outburst and accompanying glitch had recéNe observe
that the braking index of the pulsar, previously measureoeto = 2.65+ 0.01 has decreased by
184+ 5%. We also note a persistent increase in the timing noisgivelto the pre-outburst level,
reminiscent of behavior previously observed from some ratags.

Keywords: pulsars
PACS: 97.60.Gb,95.85.Nv

INTRODUCTION

PSR J18460258 is a 326 ms;- 800 yr-old X-ray pulsar [1] that usually exhibits prop-
erties common to rotation powered-pulsars, including powea pulsar wind nebula
(PWN). The pulsar has a large magnetic fieldof 5 x 103G, and is one of the few
with a measured braking indemf v /v2 = 2.65+0.01, wherev is the spin-frequency,
andv andV its derivatives; 2]. Measured braking indices fall in thega 14 < n < 2.84

[3, 4, 5, 6], all less tham = 3 as predicted for vacuum magnetic dipole radiation [e.g.
7]. Possible explanations for< 3 include an increasing magnetic moment [e.g. 8] or
the effects of magnetospheric plasma [e.g. 9]. Timing olzdeEms of PSR J18460258
over 7 yr showed largely steady rotation (allowing for theasw@ement oh) and one
small glitch [2]. Thus, other than lacking radio pulsatigtypically assumed to be due
to beaming 10] and its larg@-field, PSR J18460258 behaved similar to other young,
Crab-like pulsars.

Unexpectedly, in May 2006 PSR J1848258 experienced distinctly magnetar-like
behavior: it displayed 5 X-ray bursts, a sudden increasefaydlux and the appearance
of a blackbody component [11, 12, 13]. Coincident with théiative outburst was a
large glitch pv/v ~ 4 x 1078, 14, followed by a unique over-recovery of the spin-up
by a factor of~9, resulting in a net spin-down of the pulsar [15].

Because PSR J1846258 has a measurable braking index and magnetic actiity, i
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presents the first opportunity to explore the relationskefpieen magnetar-like behavior
and deterministic spin-down in neutron stars.

OBSERVATIONSAND ANALYSIS

PSR J18460258 has been observed with the proportional counter atvagrd the
Rossi X-ray Timing Explorer (RXTE) since 1999. Photons in the 2—-20 keV energy range
are folded and resulting profiles are cross-correlated avidmplate to produce times of
arrival. These are fitted phase-coherently with a timing ehading the timing package
TEMPCQ. Full analysis details are given in [16] and referencesginer

For all data between 2000 and 2010, we created short phaseerd timing solutions
fitting for only v andv. Figure 1 (left panel) shows the resultingneasurements. From
2000-2006 Mayy increased regularly, except at the small glitch in 2001,clvhwas
not accompanied by detectable recovery or change in slog#yfing constanh = 2.65
across the event 2]. The large glitch (visible as a drama&ticehse iv in the left panel
of Fig. 1), followed by a non-monotonic recovery through@007. The increase in
timing noise and glitch relaxation had largely recoveredhsy beginning of 2008, as
shown in the Figure.

In order to examine the relationship between spin down aadtitburst, we aimed to
measure in the post-outburst era. In order to minimize the effectaf glitch recovery
on a measurement af we discarded timing data before 2008, where the glitchvego
and timing noise dominate (see Fig.1, left). We performeemhted least-squares fit to
16 v measurements spanning 2008 January — 2010 April, showe im$let of Figure 1
(left). Given the scatter in the post-bursineasurements and the known effects of timing
noise, it is likely that the formal uncertainties undenastie the true values. Thus, to
better estimate the uncertainty onwe used a bootstrap error analysis [17]. This results
in U = 3.13(19) x 10?1573, corresponding ta = 2.16+0.13. This is smaller than the
pre-outburst value af=2.654+0.01 at the 3.8 level. Thus, the braking index decreased
by An = —0.49+ 0.13, following the period of magnetar-like activity in 20061plying
the first significant measurement of a variable braking in@#ker measurements of
thus far are comparatively steady, e.g. the Crab pulsaevény about 5% over 30 yr of
observations [3].

Qualitatively, the timing noise in the 2.2-yr period useddiotain the post-burst
measurement of is larger than that observed prior to the outburst, thougbmsmaller
than in the initial aftermath of the outburst, when no phesleerent timing solution was
possible.

In order to quantify this, we used an analog to the well-knongasure of timing
noise, theAg parameter, defined as the contribution to the rotationat@lofthe pulsar
from a measurement dfover a period of 1®s, assuming that is entirely dominated by
timing noise [18]. This parameter is uninteresting whreis dominated by secular spin-
down, e.g. due to magnetic braking. To quantify the changenimg noise observed in
PSR J18460258, we define an analogous parameter which quantifies titgeladion

Thttp://ww. at nf. csiro. au/ research/ pul sar/t enpo/

190



Time (Years) Time (Years)

2000 2002 2004 2006 2008 2010 2000 2005 2010
O T T T T

— T ] — I ——
—-6.65 - — I T
. et gt -
q L - £
N - b=l
= -671- N - = t |
I3 [ —
: MMM " £ 05
o [ .l [ [ 1
2 ‘ i - T
o —6.75 [ _ g L |
z [ —-6.65 i g r
a 0 —
2 g L j
f =
S -68 B = F B
- —6.66 [ % i r b
g it ]
g [ i —05 B
> —6.85 [ B S F f
g [ =
= —-6.67 [ I < r 1
6.9 54500 55000 ] L i
b T N N
52000 53000 54000 55000 52000 53000 54000 55000
Time (MJD) Time (MID)

FIGURE 1. Left: Frequency derivative over 10yr of RXTE observations. The effect of the two
glitches in 2001 and 2006 are visible (see [2] and [15]). Tisei shows in 2008 — 2010. The result of

a least-squares fit is shown as the solid line, withuhcertainties shown as dotted lines, corresponding
ton=2.16+0.13. The expected slope from the pre-outburst 2.65 is shown as a dashed line. Right:
A guantification of the timing noise in PSR J1846258 over 10yr. Each point is a measurement of the
Aj; parameter. It shows a dramatic increase after the largenghibserved in 2006, followed by some
recovery, but not reaching the pre-burst level.

to the spin phase from the third frequency derivativggver~ 2.5 x 10’ s. We measured
theAV parameter for nine segments of data, and show the resuble inght panel of
the Figure. The value d&,; increased dramatically with the 2006 outburst, after which
it decays initially, but by 2010 has not returned to the puébarst quiescent level.

DISCUSSION AND CONCLUSIONS

The observed changeimafter the magnetar-like outburstin PSR J188@58, if shown
to be steady via ongoing timing observations, has impontaplications for the physics
of neutron star spin-down.

Most descriptions of a changingrequire a persistent change in radiative behavior,
while neither pulse profile or persistent flux variabilitgabserved in PSR J1846258
[16]. An increase in wind losses relative to dipole losseesdnot provide a good
description ofAn < 0 here because of the lack of a persistentincrease in PWNhasity
[9]. However, variability in magnetospheric plasma remnsainpromising avenue for
future consideration, given the detection of variable sjpwn rates correlated with
radio pulse shape changes in some pulsars [19]. While nalibity in the X-ray
pulse profile is detected in PSR J184#58, short time scale variability would not
be detectable in the current data.

Other explanations fofAn < 0 include an increasing or counter-alignment oér.
While both scenarios can also describe a constant value<o8, an observation of
An < 0 implies an increased rate of growth Bf For examplen = 2.65 implies a
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timescale of growth foB of ~ 8000 yr, whilen = 2.16 implies a timescale of 3500 yr.
Thus the smallen could indicate that currents shielding a larger intefare in the
process of dissipating [20].

An alternate explanation @n < 0 is that the trua is constant but masked by timing
noise and/or ongoing glitch recovery. Four years afterunsththe timing noise remains
at a higher level than in pre-outburst quiescence. Intieigyt the observed timing noise
Is similar to that observed in other young pulsars, howelersudden and persistent
change in the level of timing noise is noteworthy. In facglsiong-term variability in
timing noise is a property of some magnetars [e.g. 21]. Teed increase in timing
noise might arise from changes to the superfluid interionghd on by the unusual 2006
glitch or magnetosphere variability after the outburst.

The observed decreasenrand increase in timing noise may or may not be perma-
nent. Regular monitoring observations beyond RMEE era will help to answer this
guestion, as well as to search for future magnetar-likey<ergbursts and glitches from
PSR J18460258.
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